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Oral  cancer  remains  an  important  health  issue  in  the  world.  In  the  United  States, 

over  27,000  new  cases  and  approximately  7,000  deaths  attributable  to  oral  cancer  are 

expected  in  2003.  In  some  areas  of  the  world,  this  malignancy  is  much  more  common; 

oral  cancer  is  the  most  common  cancer  among  men  and  the  third  most  common  cancer  in 

women,  in  India  [1].  Prognosis  for  patients  with  oral  cancer  remains  low  with  five-year 

survival  rates  hovering  in  the  fiftieth  percentile  [2].  High  resolution,  in  vivo  optical 

imaging  may  offer  a  clinically  useful  adjunct  to  standard  histopathologic  techniques. 

The  work  in  this  dissertation  centered  on  optical  imaging  in  the  oral  cavity  to 

determine  whether  confocal  microscopy  and  optical  coherence  microscopy  could  detect 

vii 


and  diagnose  oral  neoplasia.  A  survey  of  features  of  normal  epithelium  and  SCCs  using  a 
reflectance  confocal  microscope  resolved  nuclear  density  and  morphology  differences 
between  neoplastic  and  non-neoplastic  oral  cavity  specimens  and  features  of  non- 
cancerous  and  cancerous  oral  tissue  such  as  inflammation,  fibrosis,  muscle  fibers  and 
salivary  glands.  A  detailed  study  of  the  differences  between  normal,  preneoplastic,  and 
neoplastic  oral  cavity  tissue  using  images  from  a  reflectance  confocal  microscope  found 
that  descriptive  statistics  characterizing  nuclear  morphology  allowed  slight  differentiation 
between  normal  and  dysplastic  epithelium.  Reviews  of  confocal  images  by  trained 
pathologists  and  untrained  engineers  emphasized  the  need  for  situational  awareness  of  the 
region  of  the  epithelium  occupied  by  the  image  plane.  An  optical  coherence  microscope 
with  subcellular  resolution  and  an  estimated  penetration  depth  (based  on  SNR)  of  690  - 
1,227  microns  was  built  to  support  imaging  deeply  within  oral  mucosa.  This  increased 
penetration  depth  supported  a  study  of  epithelial  scattering  coefficients  from  reflected 
nuclear  intensities  which  was  successful  in  non-hyperkeratotic  layers  and  showed 
differentiation  between  scattering  properties  of  normal  and  dysplastic  epithelium  and 
SCCs. 

Overall,  the  research  in  this  dissertation  gives  a  thorough  basis  for  optical  imaging 
in  the  oral  cavity.  Images  were  acquired  from  five  sites  in  the  oral  cavity  and  represented 
a  wide  variety  of  pathological  conditions.  Two  approaches,  morphologic  statistical 
analysis  and  calculation  of  scattering  coefficients,  showed  diagnostic  contrast  with  the 
differentiation  from  the  scattering  coefficients  being  superior. 
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CHAPTER  1 


Introduction 


1.1  Introduction 

This  dissertation  describes  an  exploration  of  optical  imaging  in  the  oral  cavity  to 
investigate  the  feasibility  of  using  confocal  microscopy  and  optical  coherence 
microscopy  for  detection  and  diagnosis  of  oral  neoplasia.  Both  of  these  imaging  systems 
were  able  visualize,  at  the  subcellular  level,  features  of  both  normal  and  neoplastic  oral 
mucosa  throughout  the  oral  cavity.  This  capability  enables  non-invasive  evaluation  of 
oral  lesions  with  3D  sub-cellular  resolution  making  the  imaging  modalities  strong 
candidates  for  use  in  a  clinical  setting. 

1.2  Specific  Aims 

The  primary  objective  of  my  research  was  to  assess  the  feasibility  of  using  optical 
imaging  modalities  such  as  confocal  microscopy  and  optical  coherence  microscopy  for 
detection  of  oral  neoplasias  for  the  purpose  of  improving  early  detection  rates  of  oral 
dysplasia. 


1 


My  specific  goals  were: 

1.  Explore  visualization  by  optical  imaging  of  features  of  normal  epithelium, 
dysplasia,  and  squamous  cell  carcinoma  to  support  further  research  into  methods 
of  differentiating  these  pathologic  states. 

2.  Investigate  the  ability  of  optical  imaging  modalities  to  capture  morphologic 
variations  in  oral  epithelium  associated  with  dysplastic  changes  and  present  this 
information  in  a  format  allowing  accurate  diagnosis  of  the  pathologic  state  of  the 
sample. 

3.  Use  the  extended  penetration  depth  of  optical  coherence  microscopy  to  study  the 
scattering  properties  of  normal  and  neoplastic  oral  mucosa  to  determine  if 
diagnostic  contrast  is  available  to  support  differentiation  between  normal  and 
dysplastic  tissue. 

1.3  DISSERTATION  OVERVIEW 

After  this  chapter’s  overview  of  research  objectives,  the  second  chapter  provides 
motivation  and  background  for  this  dissertation,  including  a  description  of  the  target 
tissue’s  anatomy  and  pathology,  a  literature  survey,  and  an  overview  of  the  imaging 
modalities  used  in  our  investigation.  The  third  chapter  includes  a  paper  accepted  for 
publication  by  Clinical  Cancer  Research  reporting  results  from  a  clinical  study  of  17 
patients  that  used  a  near  real-time,  epi-illumination,  reflectance  confocal  microscope  to 
characterize  features  of  normal  and  neoplastic  oral  mucosa  in  multiple  sites  of  the  oral 
cavity.  The  fourth  chapter  includes  a  paper  that  we  plan  to  submit  to  Head  and  Neck 
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detailing  a  study  of  an  additional  22  patients  with  an  epi-illumination,  reflectance 
confocal  microscope.  This  paper  explores  the  diagnostic  information  contained  in 
confocal  images  of  cell  morphology  and  tissue  architecture  details  by  extracting 
morphological  statistics  such  as  nuclear  to  cytoplasmic  ratio  and  average  nuclear  area 
from  the  images  to  determine  if  they  provide  diagnostic  contrast  and  performing  both 
trained  and  untrained  image  reviews  to  assess  the  ability  of  reviewers  to  diagnose  from 
confocal  images.  The  fifth  chapter  describes  the  design  and  construction  of  an  optical 
coherence  microscope  (OCM)  that  incorporates  interferometric  techniques  from  optical 
coherence  tomography  with  high  numerical  confocal  microscopy  to  extend  penetration 
depth  into  oral  mucosa.  The  sixth  chapter  includes  a  paper  that  we  plan  to  submit  to  the 
Journal  of  Biomedical  Optics  covering  a  12  patient  clinical  study  using  the  OCM  to 
investigate  optical  imaging’s  ability  to  image  deeply  in  oral  mucosa  and  to  calculate 
average  reflected  nuclear  intensity  from  the  intermediate  and  basal  layers  of  oral  mucosa 
to  extract  scattering  coefficients  for  a  range  of  sites  and  pathologic  states. 
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CHAPTER  2 


Background 


2.1  Introduction 

This  chapter  contains  the  background  needed  to  understand  this  dissertation.  The 
first  section  contains  the  motivation  for  detecting  premalignant  lesions  in  the  oral  cavity. 
The  next  two  sections  detail  the  anatomy  and  pathology  of  the  oral  cavity  with  emphasis 
on  the  changes  that  occur  during  dysplastic  progression  and  are  present  in  squamous  cell 
carcinoma.  The  chapter  then  finishes  with  a  literature  survey  of  the  imaging  modalities 
currently  used  to  detect  oral  cancer  before  giving  details  on  the  three  subcellular 
techniques  that  provide  the  foundation  for  this  work. 

2.2  MOTIVATION 

Cancer  is  the  second  leading  cause  of  death  in  the  U.  S.  (exceeded  only  by  heart 

disease)  with  approximately  1,334,100  new  cases  expected  in  2003  [2],  with 

approximately  85%  of  these  cancers  originating  in  an  epithelial  layer.  Five-year  survival 

rates  for  these  organ  sites  are  significantly  higher  when  the  cancer  is  diagnosed  while  still 

classified  as  local,  or  confined  to  the  original  organ  site,  as  shown  in  Table  2.1.  For 

example,  in  the  oral  cavity,  the  5-year  survival  rate  drops  from  81%  when  diagnosed 

early  to  21%  if  the  cancer  has  spread  to  parts  of  the  body  at  a  distance  from  the  primary 

tumor.  These  statistics  combined  with  the  ease  of  accessing  epithelial-lined  cavities  has 
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engendered  strong  interest  in  developing  screening  techniques  for  health  professionals  to 
detect  precancerous  lesions  before  they  progress. 


Table  2.1.  Five-year  relative  survival  rates  by  stage  at  diagnosis,  1989-1996  [3]. 


Site 

All  Stages 
% 

Local 

% 

Regional 

% 

Distant 

% 

Oral 

54 

81 

44 

21 

Colon  &  Rectum 

61 

90 

65 

8 

Melanoma  (Skin) 

88 

96 

59 

13 

Urinary  Bladder 

81 

93 

49 

6 

Uterine  Corpus 

84 

96 

64 

26 

Despite  the  presence  of  these  premalignant  lesions,  screening  and  detection 
programs  in  sites  other  than  the  cervix  have  not  been  successful.  Screening  in  the  mouth 
is  especially  difficult  due  to  the  many  types  of  benign  lesions.  In  [4],  Scully  lists  32 
lesions  other  than  neoplasms  that  present  as  lumps  or  swellings  in  the  mouth.  Current 
guidance  is  to  perform  a  biopsy  (either  incisional  or  with  an  oral  brush)  when  a  lesion  has 
been  present  for  over  three  weeks  or  if  the  patient  is  in  a  high-risk  group  [5].  Another 
factor  that  makes  early  diagnosis  difficult  is  the  extensive  nature  of  many  mouth  lesions, 
complicating  the  choice  of  biopsy  site  [6].  As  a  result,  from  1989  -  1996,  only  36%  of 
oral  cancer  was  detected  while  in  the  localized  stage  versus  53%  of  cervical  cancer  [3]. 

This  dissertation  describes  optical  imaging  of  epithelial  tissue  in  the  oral  cavity 

using  both  confocal  microscopes  and  an  optical  coherence  microscope  (OCM).  Both  of 

these  instruments  have  the  ability  to  optically  section  tissue,  non-invasively  providing  3D 
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sub-cellular  resolution  images  without  the  need  for  histologic  processing.  If  successful, 
optical  imaging  could  reduce  the  number  of  unnecessary  biopsies  with  their  associated 
pathology  requirements  while  increasing  the  accuracy  of  diagnoses  by  allowing  the 
clinician  to  quickly  image  the  entire  lesion  instead  of  just  a  small  sample. 

2.3  Anatomy  of  the  Oral  Cavity 

The  ability  to  detect  dysplastic  changes  requires  a  sound  knowledge  of  the  tissue, 
both  normal  and  abnormal,  to  be  examined.  The  most  common  malignant  lesions  of  the 
oral  cavity  are  squamous  carcinomas  that  primarily  affect  the  stratified  squamous 
epithelium  in  the  mouth  [6].  Before  examining  the  neoplasms  that  lead  to  squamous  cell 
carcinoma,  it  is  therefore  important  to  understand  the  different  types  of  oral  epithelia  and 
their  structure. 

The  oral  cavity  is  lined  by  oral  mucosa  consisting  of  stratified  squamous 
epithelium  responsible  for  protecting  the  mouth  from  abrasion  during  eating  [7],  A 
complicating  factor  in  oral  cancer  screening  and  diagnosis  is  that  there  are  three  distinct 
type  of  oral  mucosa:  masticatory,  or  tough,  mucosa  found  on  the  gums  and  the  hard 
palate  on  the  roof  of  the  mouth;  lining,  or  flexible,  mucosa  found  on  the  lips,  cheeks, 
floor  of  the  mouth,  inferior  surface  of  the  tongue,  and  the  soft  palate;  and  specialized 
mucosa  (a  mix  of  masticatory  and  lining)  on  the  dorsal  surface  of  the  tongue  [8].  Each 
mucosa  type  has  layers  of  tightly  packed  epithelial  cells  whose  differentiation  varies 
depending  on  function. 
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The  masticatory  mucosa  shown  in  Figure  2.1  A  includes  four  distinct  layers.  The 
stratum  basale,  or  basal  layer,  is  closest  to  the  basement  membrane,  contains  the  least- 
differentiated  cells  arranged  in  two  or  three  layers,  and  is  responsible  for  cell  division  and 
production.  These  cells  are  the  smallest,  being  cuboidal  or  columnar  in  shape  [8].  Cells 
in  this  layer  are  pushed  up  into  the  stratum  spinosum,  or  spinous  layer,  as  the  cells 
continue  to  divide.  While  in  the  spinous  layer,  the  cells  become  larger  and  their  shape 
becomes  polyhedral  with  numerous  cytoplasmic  processes,  or  spines,  attached  by 
desmosomes  to  adjacent  cells  [9].  The  next  layer,  the  stratum  granulosum,  or  granular 
layer,  is  specific  to  the  masticatory  mucosa  in  the  mouth.  This  layer  contains  flattened 
cells  with  decreased  nuclear  size  and  densely  packed  keratin  [8].  These  cells  combined 
with  thickening  of  the  cell  membrane  and  a  large  number  of  keratin  filaments  result  in  a 
final  layer  of  densely  packed  keratinized  cells  responsible  for  reducing  the  permeability 
of  masticatory  mucosa. 

The  lining  mucosa,  shown  in  Figure  2. IB,  is  also  known  as  nonkeratinized 
epithelium,  making  it  less  resistant  to  injury,  but  much  more  flexible  than  the  masticatory 
mucosa.  It  includes  similar  bottom  basal  and  spinous  layers,  but  instead  of  a  granular 
layer,  there  is  an  intermediate  layer  in  which  the  cells  become  flattened  as  they  move  into 
the  final  superficial  layer  [8].  The  top  two  layers  show  a  gradual  decrease  in  the  volume 
of  organelles  and  decreased  desmosomes  between  the  cells,  resulting  in  a  much  more 
permeable  tissue  than  the  masticatory  mucosa  [8]. 
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Figure  2.1.  Masticatory  and  lining  mucosa.  (A)  Masticatory  mucosa;  (i)  basal  layer;  (ii) 
spinous  layer;  (iii)  granular  layer  (arrows);  (iv)  keratinized  layer.  (B)  Lining  mucosa;  (i) 
basal  layer;  (ii)  spinous  layer;  (iii)  intermediate  layer;  (iv)  superficial  layer  [8]. 

2.4  Pathology  of  the  Oral  Cavity 

Optical  imaging  must  also  be  able  to  detect  features  used  to  determine  whether  a 
lesion  is  premalignant  or  benign  throughout  the  epithelial  layer.  This  section  will  first 
define  the  terms  commonly  used  to  describe  oral  cancer  and  the  morphologic  changes 
associated  with  dysplasia  before  describing  common  premalignant  and  malignant  tumors 
in  the  oral  cavity.  The  mouth  is  prone  to  many  conditions  other  than  cancer  that  can 
cause  a  tumor,  or  a  swelling  of  the  tissue  [10].  Only  those  tumors  that  demonstrate  an 
independent,  uncoordinated  new  growth  of  tissue  potentially  capable  of  unlimited 
proliferation  and  do  not  regress  after  removal  of  the  stimulus  responsible  for  the  lesion 
are  labeled  as  premalignant  or  neoplasms  [10].  Changes  in  the  normal  shape,  size,  and 
organization  of  the  tissue  and  its  cells  associated  with  this  uncontrollable  growth  are 


called  dysplasia  [7].  When  the  neoplasm  breaks  through  the  basement  membrane  below 
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the  epithelium  and  starts  to  spread  into  surrounding  and  distant  tissues,  or  metastasize, 
the  growth  is  called  a  cancer,  a  malignancy,  or  a  carcinoma  (cancers  of  the  epithelia)  [7]. 

Current  detection  practice  for  oral  neoplasia  involves  tissue  biopsy  and 
examination  by  a  trained  pathologist.  The  pathologist  looks  for  dysplasia  indicating  the 
presence  of  abnormal  tissue.  Common  indicators  of  premalignant  or  malignant  lesions 
are  morphological  changes  in  cells  and  their  nuclei  and  inconsistent  tissue  structure. 
Unlike  normal  cells  that  tend  to  have  the  same  shape  and  size  (due  to  their  shared  role), 
cancer  cells  have  varied  shapes  and  sizes,  as  well  as  distorted  shapes  [11].  Since  the 
primary  indicator  of  malignancy  is  uncontrolled  growth,  the  nuclei  in  abnormal  cells  are 
typically  larger  with  variable  shapes.  In  addition,  they  appear  darker  after  being  stained 
by  certain  dyes  due  to  an  increased  amount  of  DNA  [11].  Finally,  neoplasms 
compromise  the  overall  consistency  of  the  tissue  and  are  capable  of  invading  other 
tissues.  All  of  these  changes  are  visible  in  the  histology  images  in  Figure  2.2. 
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Figure  2.2.  Oral  cancer  features.  (A)  Nuclear  size  differences,  cell  shape  changes  and 
tissue  disruption.  (B)  Invasion  of  epithelium  and  connective  tissue  [12]. 
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While  there  are  many  different  kinds  of  mouth  lesions,  two  are  definitely  linked 
with  oral  cancer:  leukoplakia  and  erythroplakia.  Leukoplakia  is  a  general  term  applied  to 
white  patches  on  oral  mucosa  membranes  that  cannot  be  rubbed  off  or  removed  by 
scraping  and  cannot  be  classified  clinically  or  microscopically  as  another  disease  entity 
[12].  This  definition  is  purely  clinical  because  there  are  many  benign  reasons  for 
leukoplakia,  including  cheek  biting,  friction,  or  tobacco  use  [4].  In  fact,  only  6  -  17.5% 
of  cases  actually  transform  into  malignant  tumors  [12].  Patches  of  leukoplakia  vary  from 
nonpalpable,  faintly  translucent  white  areas  to  thick,  fissured,  indurated  lesions  and  often 
have  finely  wrinkled  or  shriveled  surfaces  [10].  Since  these  lesions  represent  nearly  85% 
of  all  oral  premalignancies  [12],  biopsies  looking  for  dysplasia  are  recommended  in  all 
long-term  cases  to  decide  whether  they  are  benign  or  malignant. 

Erythroplakia  is  a  less  common  lesion  of  the  oral  cavity  and  appears  as  an 
isolated,  red,  velvety  lesion  affecting  patients  mainly  in  their  sixties  and  seventies  [4]. 
They  also  appear  in  concert  with  leukoplakia.  These  lesions  tend  to  appear  on  the  floor 
of  the  mouth,  soft  palate,  and  masticatory  mucosa  [12]  and  are  more  worrisome  than 
leukoplakia  because  75  -  90%  of  lesions  develop  into  carcinoma  and  are  severely 
dysplastic  [4].  Due  to  this  increased  malignancy  rate,  immediate  excision  and  histology 
of  these  lesions  is  recommended. 

2.5  LITERATURE  REVIEW 

A  literature  survey  of  detection  and  screening  methods  for  oral  cancer  was 
performed.  These  techniques  can  be  split  into  four  categories:  biopsy  or  cytology 
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specimen  evaluation,  spectroscopy,  macroscopic  imaging,  and  microscopic  imaging.  The 
technique  most  often  used  today  to  diagnose  premalignant  lesions  in  the  oral  cavity  is  to 
perform  an  incisional  biopsy  to  remove  a  small  part  of  the  tumor,  stain  and  process  the 
biopsy,  and  then  have  a  trained  pathologist  examine  it  for  dysplasia  [11].  A  problem  with 
this  technique  is  that  oral  lesions  such  as  leukoplakia  can  be  large  and  the  biopsy  may  not 
be  taken  in  the  correct  place,  resulting  in  false  negatives.  Even  when  successful,  the 
process  is  painful  due  to  the  removal  of  tissue.  It  is  also  lengthy,  requiring  patients  to 
wait  for  results.  A  similar  technique  uses  an  oral  brush  to  gently  scrape  cells  from  the 
lesion  [13-16]  for  cytologic  review.  While  effective  in  non-keratinized  lesions  such  as 
erythroplakias,  exfoliative  cytology  has  limited  usefulness  in  diagnosing  malignant 
transformation  of  leukoplakias  which  have  a  significant  keratinized  superficial  layer 
preventing  deeper  dysplastic  cells  from  being  sampled  [17].  In  one  study,  false  negative 
diagnoses  were  given  for  62%  of  hyperkeratotic  lesions  [18]. 

Another  technique  proposed  for  screening  oral  cancers  is  optical  spectroscopy, 
which  quantitatively  measures  light  tissue  interaction  to  detect  abnormal  tissue  [19-24]. 
This  technique  evaluates  tissue  properties  by  illuminating  the  tissue  with  light,  oftentimes 
using  a  specific  wavelength  laser  source,  and  analyzing  the  intensity  and  character  of 
light  emitted  in  the  form  of  fluorescence.  Studies  testing  the  technique’s  potential  have 
shown  very  encouraging  results  with  one  study  [23]  achieving  100%  sensitivity 
(probability  that  a  test  is  positive,  given  the  patient  has  the  disease)  and  98%  specificity 
(probability  that  a  test  is  negative,  given  that  the  person  does  not  have  the  disease)  after 
using  a  control  population  to  find  optimal  excitation  wavelengths  for  normal  versus 
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abnormal  samples.  Also,  the  ability  to  record  data  and  analyze  it  using  a  computer 
reduces  the  need  for  clinical  expertise  and  therefore  can  potentially  lower  treatment  costs. 
A  significant  disadvantage  of  optical  spectroscopy  is  that  it  is  an  integrative  technique, 
taking  information  from  all  of  the  tissue.  This  means  that  if  the  neoplasm  is  not  readily 
visible,  the  clinician  must  use  a  different  technique  to  determine  its  precise  location  and 
extent  for  treatment. 

A  variety  of  macroscopic  techniques  are  available  for  isolating  the  location  and 
extent  of  neoplasms  [25-36].  Currently,  the  most  popular  are  computed  tomography  (CT) 
scans  and  magnetic  resonance  imaging  (MRI)  with  MRI  becoming  the  dominant 
technique  [29].  MRI’s  primary  advantages  over  other  imaging  modalities  are  the  lack  of 
ionizing  radiation  found  in  X-ray  examinations,  high  sensitivity  to  fluid  flow,  the  ability 
to  control  the  scanning  plane,  and  high  contrast  resolution  in  soft  tissue  [29].  While 
useful  in  determining  where  to  perform  a  biopsy  or  the  full  extent  of  a  tumor,  MRIs  do 
not  have  the  resolution  to  characterize  tissue  [34].  This  severely  limits  the  technique’s 
ability  to  diagnose  whether  a  tumor  is  benign  or  premalignant. 

There  are  currently  three  techniques  proposed  for  imaging  at  the  cellular  level: 
confocal  imaging  [37-44],  OCT  [45-51],  and  OCM  [52-61].  The  abilities  and  limitations 
of  these  techniques  are  covered  in  the  next  three  sections. 

2. 5. 1  Confocal  microscopy 

Marvin  Minsky  first  conceived  the  confocal  microscope  in  1957  [62],  The 

technique  did  not  become  viable  though  until  almost  30  years  later,  when  the  laser 

provided  a  virtually  unlimited  power  source  and  the  computer  allowed  fast  processing  of 
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the  large  amount  of  data  needed  for  images  [63].  Since  then,  the  confocal  microscope’s 
popularity  has  grown  with  many  different  modes  such  as  reflectance,  phase,  differential 
interference  contrast  (DIC),  polarization,  and  fluorescence  becoming  readily  available. 
This  popularity  is  primarily  due  to  the  instrument’s  increased  resolution  over  standard 
light  microscopes  and  its  optical  sectioning  capability.  In  this  dissertation,  we  only  used 
the  reflectance  configuration  of  confocal  microscopy. 

Optical  sectioning  is  the  confocal  microscope’s  ability  to  image  very  thin  sections 
of  a  thick  sample  by  rejecting  light  from  out  of  focus  planes.  This  ability  comes  from  the 
use  of  pinholes  in  both  the  illumination  and  detection  paths,  providing  a  point  source  and 
a  finite  detector.  Figure  2.3  illustrates  this  concept,  using  a  simple  epi-configuration  (or 
reflection  mode)  confocal  microscope.  Light  from  the  point  source  is  focused  onto  a  very 
small  point  in  the  sample.  Light  returning  from  this  focus  spot  (shown  by  the  solid  line) 
is  refocused  onto  the  detector.  More  importantly,  light  reflected  from  outside  the  focal 
plane  (shown  by  the  dashed  line)  is  filtered  by  the  pinhole  so  only  a  small  amount 
actually  reaches  the  detector.  With  the  addition  of  a  scanning  mechanism  to  record 
multiple  points  in  the  focal  plan,  optical  sectioning  allows  confocal  microscopes  to  build 
ultra-thin,  en-face  images  through  thick  samples  and,  with  a  little  processing,  to  form 
three-dimensional  pictures. 
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Figure  2.3.  Optical  sectioning  in  a  confocal  microscope  [64]. 


Another  advantage  of  confocal  microscopes  is  their  increased  resolution  over 
standard  light  microscopes.  A  common  way  to  measure  resolution  in  microscopy  is  to 
use  the  full  width  at  half  maximum  (FWHM)  value  of  the  point-spread  function  (PSF),  or 
intensity  pattern  illuminated  or  observed  by  a  lens  at  its  focal  plane  [65].  Wilson  derived 
a  solution  for  both  lateral  and  axial  PSFs  in  [64]  by  assuming  an  infinitely  small  detector, 
coherent  light  at  the  detector,  and  making  the  following  normalized  optical  coordinate 
transformations: 


In 

v  =  — rn  sin  a 


(2.1) 


(2.2) 


where  X  is  the  wavelength  and  n  sin  a  is  the  numerical  aperture  (NA)  of  the  lens.  In  this 
idealized  case,  the  PSFs  are: 
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where  J,  (v)  is  a  first  order  Bessel  function.  Solving  for  the  FWHM  points  of  these 
functions  and  then  substituting  them  for  u  and  v  in  (2.1)  and  (2.2)  gives  the  following 
rough  FWHM  estimates  of  a  confocal  microscope’s  ability  to  resolve  two  points  [66]: 
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where  n  is  the  index  of  refraction  for  the  material  in  which  imaging  is  performed.  These 
estimates  should  be  used  with  care  since  they  do  not  account  for  the  magnification  of  a 
multiple  lens  systems,  errors  within  the  system,  and  the  use  of  a  non-infinitely  small 
pinhole. 

Since  it  is  impossible  to  use  an  infinitely  small  detector,  the  PSFs  above  are  only 
approximations  of  real  system  performance.  Wilson  did  a  study  where  he  examined  the 
performance  of  confocal  systems  as  the  normalized  pinhole  radius  (found  by  substituting 
the  real  pinhole  radius  into  (2.1))  increased  [67].  He  found  that  lateral  resolution  was 
very  sensitive  to  increasing  pinhole  radius  and  must  be  kept  less  than  0.5  optical  units 
(defined  as  the  product  of  the  sample  attenuation  coefficient  and  depth  within  the  sample) 
in  order  to  obtain  the  full  confocal  resolution  improvement  [68],  On  the  other  hand,  axial 
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resolution  remained  practically  constant  until  the  pinhole  radius  exceeded  2.5  optical 
units.  Since  all  of  these  calculations  were  done  assuming  a  single  lens  system,  he 
recommends  that  the  designer  concentrate  on  optimizing  optical  sectioning  and  guarantee 
that  the  following  inequality  is  met: 


M  >  nd0 
NAp  ~  2.5X 


(2.7) 


where  M  is  the  total  magnification  of  the  lenses  between  the  sample  and  the  pinhole,  NAP 
is  the  pinhole’s  NA,  and  da  is  the  actual  diameter  of  the  pinhole  [68], 

The  addition  of  fiber  optics  to  a  confocal  microscope  changes  how  the  size  of  the 
detector  affects  the  system.  The  use  of  optical  fiber(s)  in  the  illumination  path,  the 
detection  path,  or  both  is  popular  due  to  the  compact  components  that  it  allows  the 
designer  to  use  (e.g.,  a  fiber  coupler  as  a  beamsplitter)  and  its  flexible,  low  loss  transport 
of  light  that  supports  isolation  of  noisy  sources  and  endoscopic  systems.  When  optical 
fibers  are  used  in  place  of  a  detector  pinhole,  they  have  a  fundamental  effect  on  the 
system.  First  of  all,  imaging  is  always  coherent  because  the  detected  field  is  given  by  the 
overlap  integral  between  the  field  at  the  fiber  face  and  the  mode  pattern,  given  that  a 
single-mode  fiber  is  used  [69].  Also,  using  a  single-mode  fiber  puts  a  strict  limit  on  fiber 
radius  that  is  a  function  of  X  and  commercial  availability.  For  example,  if  an  855  nm 
source  is  used,  the  most  readily  available  fiber  has  a  core  radius  of  5  microns.  In  [70], 
Gu  examined  how  the  use  of  optical  fibers  in  both  the  illumination  and  the  detection  path 
would  affect  confocal  resolution  in  a  single  lens  system.  He  defined  a  dimensionless 
fiber  spot  size  parameter,  A: 
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where  NAC  is  the  NA  of  the  lens  used  to  collimate  light  from  the  fiber  and  r0  is  the  fiber 
spot  size  and  is  a  function  of  the  fiber’s  core  radius,  p,  and  normalized  frequency,  V.  He 
derived  an  expression  for  a  confocal  microscope’s  PSF  with  an  optical  fiber  [52,  70]: 

|^|l-exp[-(y4-m)]J 


heff  I  [l  -  exp  (-^4)]  (A-iu) 


(2.9) 


When  he  plotted  this  function,  he  found  that  axial  resolutions  for  A  <  1  are  very  close  to 
ideal  confocal  resolution. 

Careful  system  design  using  the  equations  above  will  result  in  a  system  with 
subcellular  resolution,  a  requirement  for  detecting  premalignant  lesions.  Another 
requirement  is  that  the  system  be  able  to  produce  images  throughout  the  extent  of  the 
epithelial  layer.  Penetration  depth  in  confocal  microscopy  has  been  extensively 
examined  [71-76],  Izatt  used  single  backscatter  theory  to  estimate  that  penetration  depth 
is  limited  by  the  signal-to-background  (S/B)  ratio  to  5  -  8  optical  depths  (OD),  where 
optical  depth  is  equal  to  the  total  attenuation  coefficient,  /uh  times  the  depth  in  the  tissue 
[71].  When  multiple  scattering  due  to  deep  penetration  into  tissue  was  taken  into 
account,  Schmitt  found  that  this  limit  is  limited  by  the  signal-to-noise  ratio  (SNR)  and 
falls  to  3  -  4  ODs  [72].  While  Schmitt’s  studies  were  performed  using  large  normalized 
pinholes  of  8  to  17  optical  units,  his  results  were  confirmed  by  Smithpeter  who  used 
experimental  results  to  show  that  when  a  confocal  system  approaches  ideal  confocal 
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resolution  (vp  <  3),  penetration  depth  is  limited  to  3  -  4  ODs  for  a  0.05  index  mismatch 
[76]. 

To  understand  what  these  results  mean,  a  value  for  optical  depth  in  oral  mucosa  is 
needed,  which  in  turn  requires  that  //,  be  known.  If  the  source’s  wavelength  is  limited  to 
the  near  infrared  (NIR)  region,  absorption  becomes  negligible  and  it  can  be  assumed  that 
Hi  is  equal  to  the  scattering  coefficient,  jus-  We  recently  completed  a  study  of  tissue 
scattering  coefficients  for  cervical  epithelium  including  both  normal  and  high  grade 
cervical  intraepithelial  neoplasia  (CIN  3)  [77].  The  mean  scattering  coefficient  for  CIN  3 
of  69  cm'1  was  significantly  higher  than  the  mean  value  for  normal  of  22  cm'1.  Using  a 
scattering  coefficient  of  69  cm'1  gives  an  estimated  maximum  penetration  depth  of  450  - 
600  microns  for  confocal  microscopy.  Actual  reported  penetration  depths  are  well  below 
this  estimate,  varying  from  200  microns  in  amelanotic  tissue  [38]  and  human  skin  [78]  to 
490  microns  in  the  lip  (achieved  through  use  of  a  low  NA  objective)  [44]. 

2.5.2  Optical  coherence  tomography 

OCT  is  an  optical  imaging  technique  capable  of  building  two-dimensional 
reflectance  maps  from  small  signals  within  a  scattering  medium.  The  technique  is  an 
offshoot  of  optical  coherence-domain  reflectometry  (OCDR),  a  one-dimensional  ranging 
technique  used  extensively  in  measuring  the  eye  [48].  OCT  was  also  very  successful  in 
imaging  the  transparent  tissue  in  the  eye  [79-83],  but  has  also  been  used  to  image  highly 
scattering  media  such  as  tissue  and  skin  [46, 47,  49-51,  84-90]. 

OCT  is  very  similar  to  ultrasound,  measuring  the  intensity  of  reflected  light  rather 

than  sound  waves  [88].  Since  time  of  flight  data  for  light  cannot  be  measured  directly, 
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interferometric  techniques  are  used.  A  basic  OCT  system  is  shown  in  Figure  2.4.  While 
many  improvements  have  been  made  to  this  system  to  increase  its  image  acquisition 
speed,  penetration  depth,  and  resolution,  the  basic  components  remain  the  same.  Light 
from  a  NIR  laser  is  split  into  a  reference  and  sample  arm  by  a  Michelson  interferometer 
(the  50/50  coupler  in  Figure  2.4)  which  then  recombines  reflected  light  from  the  two 
arms  into  one  signal.  An  interferometric  signal  is  only  detected  when  the  reflections  are 
nearly  matched  in  group  delay  [91].  The  use  of  a  broadband  source  with  its 
correspondingly  low  coherence  means  that  the  interferometric  signal  falls  off  rapidly  as 
the  difference  between  the  two  arm  delays  increases.  OCT  performs  multiple 
longitudinal  scans  (typically  by  scanning  the  reference  arm  position)  with  the  sample 
arm’s  optical  beam  moved  laterally  between  scans  [48]  to  build  two-dimensional  images 
perpendicular  to  the  tissue’s  surface. 


Figure  2.4.  Schematic  of  an  OCT  System  [48]. 

The  system’s  axial  resolution  is  directly  related  to  the  coherence  length  of  the 
source.  For  an  ideal  mirror  in  the  sample,  the  interferometric  detector  signal  (after  the 
DC  component  is  filtered  out)  is  proportional  to  the  source’s  autocorrelation  function 


[59].  Most  papers  assume  that  the  source  has  a  Gaussian  spectrum  with  a  FWHM 
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bandwidth,  AX,  and  a  center  wavelength,  X0,  resulting  in  an  autocorrelation  function  of 


[59]: 


Ru(Al)  =  exp 


•  cos(2£0A/) , 


(2.10) 


where  lc  is  the  source’s  coherence  length  and  an  OCT’s  axial  resolution  is: 

2Jn(2)Al  (2.n) 

n  AX 

For  example,  a  superluminescent  diode  (SLD)  with  a  center  wavelength  at  855  nm  and  a 
bandwidth  of  25  nm  results  in  an  axial  resolution  of  12.9  microns.  Lateral  resolution  is 
determined  by  the  optics  in  the  sample  arm.  Most  OCT  systems  sacrifice  lateral 
resolution  by  using  a  low  NA  objective  in  order  to  eliminate  the  need  to  adjust  the  sample 
arm’s  focus  during  scanning  [91].  This  greatly  simplifies  instrumentation  in  the  sample 
arm  since  it  only  needs  to  scan  in  one  direction,  making  OCT  a  technique  well  suited  for 
endoscopic  applications,  but  severely  limits  its  ability  to  perform  subcellular  imaging. 

Another  strength  of  OCT  systems  is  their  broad  dynamic  range.  This  comes  from 
using  optical  heterodyne  detection  where  very  weak  signals  from  the  sample  are  mixed 
with  strong,  modulated  signals  from  the  reference  arm  to  produce  a  final  signal  that 
eliminates  low  frequency  1/ /  mechanical  noise  (through  demodulation)  and  dominates 
thermal  noise  and  dark  current  in  the  detector  [82,  88].  The  remaining  noise  comes  from 
the  quantum  statistics  of  light  in  the  reference  arm,  resulting  in  a  shot  noise  limited 
system  with  a  SNR  of: 
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1  77  P 

SNR  =  — - 2-  (2.12) 

2  hco  NEB 

where  77  is  the  detector’s  quantum  efficiency,  hco  is  the  photon  energy,  NEB  is  the 
demodulation  filter’s  noise  equivalent  bandwidth,  and  Ps  is  power  at  the  sample  [82]. 

SNRs  of  greater  than  90  dB  are  found  in  the  literature  [82,  92, 93]. 

OCT’s  sensitivity  leads  to  one  limit  on  its  penetration  depth.  SNR  decreases  as 
image  depth  increases  until  a  depth  is  reached  where  single  backscattered  light  can  no 
longer  be  detected  given  shot  noise  and  tissue  tolerance  exposure  limits.  Izatt  estimated 
this  limit  by  assuming  a  minimum  SNR  of  one  and  solving  for  optical  depth  in  terms  of 
detector  current  noise  characteristics  and  found  a  maximum  penetration  depth  of  15  ODs, 
or  1.7  mm  using  the  tissue  property  assumptions  from  the  previous  section  [71].  Schmitt 
proposed  a  second  limit  on  penetration  depth  in  [94],  He  found  that  contrast  within  the 
image  was  lost  when  interferometric  signal  from  backscattered  light,  which  produces 
noise  in  OCT  and  increases  as  the  image  goes  deeper,  becomes  greater  than 
interferometric  signal  from  single-backscattered  light.  He  estimated  this  limit  by 
assuming  that  all  light  reaching  the  focal  plane  is  unscattered  or  multiply  forward 
scattered  and  solving  for  the  ratio  of  the  photocurrents  generated  by  the  two  sets.  This 
resulted  in  an  estimate  of  9  ODs,  or  approximately  1  mm  in  epithelial  tissue.  Both 
estimates  well  exceed  the  amount  of  penetration  depth  needed  to  image  epithelium  in  the 
oral  cavity. 
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2.5.3  Optical  coherence  microscopy 

Optical  coherence  microscopy  attempts  to  combine  the  advantages  of  both 
confocal  microscopy  and  OCT  to  perform  subcellular  imaging  at  deep  penetration  depths. 
There  are  two  ways  of  thinking  about  the  technique:  1)  as  an  en-face  scanning  OCT  with 
high  NA  optics  in  the  sample  arm,  or  2)  as  a  confocal  microscope  combined  with 
heterodyne  detection  and  a  broadband  source.  While  OCM  systems  are  more 
complicated  than  OCT  systems  or  confocal  microscopes,  gains  in  lateral  resolution  and 
penetration  depth  give  them  superior  performance  in  detecting  premalignant  cancers. 

Many  groups  have  built  instruments  with  components  of  an  OCM  system. 
Bashkansky  [54,  57,  95],  Beaurepaire  [96],  Podoleanu  [60,  97-101],  and  Xu  [53]  have  all 
demonstrated  OCT  systems  capable  of  producing  en  face  images,  but  their  systems  still 
use  low  NA  optics  in  the  sample  arm.  Beaurepaire  did  report  an  en  face  imaging,  high 
NA  system,  but  he  did  not  use  modulation  to  allow  heterodyne  detection  [55].  On  the 
other  hand,  Schmitt  introduced  a  system  with  dynamic  depth  focusing  and  high  NA 
optics,  but  the  instrument  was  only  capable  of  producing  longitudinal  scans  [102].  Izatt’s 
group  was  the  first  to  describe  an  OCM  encompassing  all  of  the  traits  listed  above  [59, 
71],  with  an  improved,  faster  system  discussed  in  [52,  103].  His  work  was  followed  by 
Hoeling  who  developed  another  fully  capable  OCM  used  to  image  embryos  [58]  and 
plant  cells  [58, 104]. 

System  performance  in  an  OCM  is  a  combination  of  the  performance  discussed  in 
the  previous  two  sections.  The  confocal  microscope  in  the  sample  arm  once  again 
determines  lateral  resolution.  Penetration  depth  will  be  similar  to  an  OCT  system  due  to 
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the  coherence  gate  and  heterodyne  detection  and  should  have  the  same  limits  as  discussed 
in  the  previous  section.  Finding  its  axial  resolution  is  more  complicated  though  since  it  is 
determined  by  the  overlap  of  a  confocal  microscope’s  PSF  and  the  broadband  source’s 
autocorrelation  function,  as  defined  by  (2.9)  and  (2.11)  respectively.  Experimental 
results  for  an  OCM  using  a  40x,  0.65  NA  objective,  measured  by  moving  a  mirror 
through  the  focal  plane  with  the  reference  arm  blocked  (confocal)  and  unblocked 
(coherence  gate),  are  shown  in  Figure  2.5.  Near  the  focus,  at  zero  mirror  displacement 
from  the  focal  plane,  the  confocal  spatial  filter  dominates  the  response.  As  the  mirror 
moves  farther  from  the  focal  plane,  the  coherence  gate  rejects  light  incompletely  rejected 
by  the  confocal  response  [59].  The  key  is  that  OCM  combines  the  subcellular  lateral 
resolution  of  a  confocal  microscope  with  the  increased  penetration  depth  of  an  OCT 
system. 
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Figure  2.5.  Plots  of  confocal  and  OCM  response  [59]. 
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CHAPTER  3 


Confocal  Microscopy  for  Real  Time  Detection  of  Oral  Cavity 

Neoplasia 


3.1  Introduction 

Confocal  reflectance  microscopy  is  a  new  technology  that  can  provide  detailed 
images  of  tissue  architecture  and  cellular  morphology  of  living  tissue  in  near  real  time. 
In  concept,  in  vivo  confocal  imaging  resembles  histologic  tissue  evaluation,  except  that 
3D  sub-cellular  resolution  is  achieved  non-invasively  and  without  stains.  In  epithelial 
structure,  resolution  of  1  micron  has  been  achieved  with  a  200-400  micron  field  of  view 
and  a  penetration  depth  of  up  to  500  microns  [38,  42,  44,  105-107].  Recently,  flexible 
reflectance  confocal  microendoscopes  have  been  described  which  can  obtain  high 
resolution  confocal  images  of  tissue  in  vivo  in  near  real  time  [108-116].  Use  of  this 
instrument  provides  the  potential  to  image  oral  epithelial  tissues  with  subcellular 
resolution  in  a  clinical  setting. 

Confocal  imaging  with  reflected  light  allows  for  detailed  images  of  cell 
morphology  and  tissue  architecture  using  backscattering  by  various  tissue  components  to 
provide  contrast.  In  skin  [37,  41,  105,  106,  117],  cytoplasmic  melanin  provides  a  strong 
source  of  backscattering,  enabling  detailed  morphologic  images  of  epithelial  cell 
morphology  and  tissue  architecture  throughout  the  entire  epithelial  thickness.  This 
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technology  has  been  used  to  image  various  types  of  skin  pathology,  including  psoriasis 
[118],  folliculitis  [39],  and  neoplastic  skin  lesions  [119-121],  In  neoplastic  skin  lesions, 
morphologic  changes  in  cytologic  structure  and  microvasculature  were  visualized  in  both 
basal  cell  carcinomas  and  melanomas. 

In  amelanotic  epithelial  tissues,  cell  nuclei  provide  the  primary  source  of  reflected 
light  [38,  122]  captured  by  a  reflectance  confocal  microscope.  The  backscattering  from 
these  nuclei  is  dramatically  enhanced  by  addition  of  weak  (3-6%)  acetic  acid  [123]. 
Confocal  imaging  of  oral  mucosa  in  the  lip  and  tongue  has  resolved  subcellular  detail  at 
depths  of  250  microns  and  500  microns,  respectively  [44].  Recent  work  showed  that 
reflectance  confocal  imaging  of  normal  and  precancerous  cervical  tissue  can  characterize 
nuclear  size,  nuclear  density  and  nuclear  to  cytoplasmic  ratio  without  the  need  for  tissue 
sectioning  or  staining.  Parameters  extracted  from  confocal  images  could  be  used  to 
discriminate  high  grade  cervical  precancers  with  a  sensitivity  of  100%  and  a  specificity 
of  91%  in  a  study  of  25  samples  [107].  These  results  underscore  the  potential  role  of 
this  technology  in  clinical  evaluation  of  oral  lesions  and  the  need  for  further 
investigations  in  oral  tissue  using  multiple  anatomic  sites  and  pathologic  diagnosis. 

The  goal  of  this  study  was  to  characterize  the  features  of  normal  and  neoplastic 
oral  mucosa  using  reflectance  confocal  microscopy.  We  report  results  of  a  pilot  study 
using  near  real-time  reflectance  confocal  microscopy  to  image  pairs  of  clinically  normal 
and  abnormal  biopsies  obtained  from  17  patients.  We  find  that  confocal  microscopy  can 
image  oral  mucosa  with  resolution  comparable  to  histology  without  the  need  for  tissue 
fixation,  sectioning  or  staining.  Confocal  images  provide  a  detailed  view  of  cell 
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morphology  and  tissue  architecture,  demonstrating  features  of  normal  epithelium, 
dysplasia,  and  squamous  carcinoma.  Based  on  these  results,  we  recommend  that 
reflectance  confocal  microscopy  should  be  explored  as  a  tool  to  improve  early  detection 
of  oral  cavity  neoplasia,  to  provide  real  time  determination  of  mucosal  tumor  margins, 
and  to  determine  response  to  therapy. 

3.2  METHODS  AND  MATERIALS 

3.2.1  Specimens 

Oral  cavity  biopsies  were  acquired  from  1 7  patients  at  the  Head  and  Neck  Clinic 
of  the  University  of  Texas  M.  D.  Anderson  Cancer  Center  who  were  undergoing  surgery 
for  squamous  cell  carcinoma  (SCC)  within  the  oral  cavity.  Informed  consent  was  given 
by  all  patients,  and  the  project  was  reviewed  and  approved  by  the  University  of  Texas  M. 
D.  Anderson  Cancer  Center  Office  of  Protocol  Research  and  the  Institutional  Review 
Board  at  the  University  of  Texas  at  Austin.  Biopsies  (approximately  3  mm  wide  by  4 
mm  long  by  2  mm  thick)  were  acquired  from  one  clinically  normal  appearing  and  one 
clinically  suspicious  area  and  immediately  placed  in  growth  medium  (DMEM,  no  phenol 
red).  Reflectance  confocal  images  were  obtained  at  multiple  image  plane  depths  from 
biopsies  within  six  hours  of  excision.  Following  imaging,  biopsies  were  fixed  in  10% 
formalin  and  submitted  for  routine  histologic  examination  by  an  experienced  head  and 
neck  pathologist  (AEN).  Additional  sections  from  each  biopsy  were  stained  with 
Monoclonal  Mouse  anti-Cytokeratin  (Pan)  (MMAC)  Concentrate  Antibody  (Zymed 
Laboratories,  Inc.),  a  broad  spectrum  monoclonal  antibody  cocktail  of  clones  A1  and  A3 
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which  reacts  to  cytokeratins  10,  14/15, 16  and  19  in  the  acidic  subfamily  and  all  members 
of  the  basic  subfamily,  to  assess  correlations  between  confocal  image  features  and  the 
presence  of  keratin  in  the  specimen. 

3.2.2  Confocal  System 

Reflectance  confocal  images  were  obtained  from  each  biopsy  using  a  near  real¬ 
time,  epi-illumination,  reflectance  confocal  microscope  [76]  (Figure  3.1).  Illumination 
was  provided  by  a  continuous  wave  laser  diode  operating  at  810  nm.  A  mirror  system 
provided  an  image  frame  rate  of  7.5  frames  per  second  by  scanning  illumination  light  in 
the  sample  via  a  water  immersion  microscope  objective  (25X,  0.8  NA).  Average 
illumination  power  was  10-30  mW,  focused  to  a  1  micron-diameter  spot  on  the  sample. 
Light  backscattered  from  the  tissue  returned  to  a  beam  splitter  where  it  was  reflected  onto 
a  pinhole  lens  and  then  spatially  filtered  by  a  10  pm  diameter  pinhole  aperture  before 
being  detected  by  an  avalanche  photodiode.  The  confocal  system  operated  at  a 
dimensionless  pinhole  radius  of  2.5  to  provide  maximum  optical  sectioning  for  obtaining 
cellular  detail  [76].  The  measured  lateral  and  axial  resolution  of  the  system  were  0.8 
microns  and  2-3  microns,  respectively.  The  field  of  view  was  adjustable  from  300  -  400 
microns  by  changing  the  system  magnification. 
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Figure  3.1.  Block  diagram  of  the  near  real-time  reflectance  confocal  microscope  used  to 
image  oral  cavity  specimens. 


3.2.3  Imaging  and  Image  Processing 

Prior  to  imaging,  the  biopsies  were  removed  from  growth  media,  rinsed  with 
phosphate  buffered  solution  (PBS),  and  oriented  so  the  image  plane  of  the  confocal 
microscope  was  parallel  to  the  epithelial  surface  and  would  approach  the  epithelial  layer 
first.  A  6%  solution  of  acetic  acid  was  then  added  to  each  sample  to  increase  image 
contrast  [123].  Frames  were  acquired  at  various  epithelial  depths  until  either  tissue 
details  were  no  longer  resolvable  or  up  to  the  working  distance  of  the  microscope 
objective  (250  microns).  To  contrast  confocal  images  obtained  in  this  ‘en  face’ 
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orientation  with  the  traditional  transverse  orientation,  additional  confocal  images  were 
acquired  from  one  biopsy  oriented  so  that  the  image  plane  of  the  confocal  microscope 
was  perpendicular  to  the  epithelial  surface  and  from  two  hundred  micron  thick  transverse 
organ  cultures  prepared  from  biopsies  from  one  patient. 

Each  of  the  confocal  image  frames  presented  here  was  resampled  and  processed 
to  enhance  image  quality.  Resampling  was  performed  to  reduce  distortion  in  the  images 
caused  by  nonlinearity  in  the  resonant  galvonometric  scanning  system  while  image 
quality  was  improved  by  increasing  brightness  and  contrast  within  the  images. 
Brightness  was  enhanced  by  adding  a  selected  percentage  of  full  gray  scale  to  each  pixel 
and  contrast  increased  by  removing  another  percentage  of  full  gray  scale  from  the  image 
and  expanding  the  remaining  midrange  gray  levels.  Brightness  and  contrast  for  all 
confocal  images  in  this  chapter  were  increased  by  70%  and  50%,  respectively.  Confocal 
images  from  the  transverse  tissues  slices  were  also  tiled  together  to  provide  large-scale 
mosaic  views  of  each  slice. 

Images  of  stained  histologic  sections  were  acquired  using  a  color  CCD  camera 
coupled  to  a  brightfield  microscope.  Reflectance  confocal  images  were  compared  to 
histologic  images  from  the  same  sample  to  determine  which  tissue  features  contribute  to 
image  contrast  and  can  be  potentially  imaged  using  in  vivo  confocal  microscopy.  The 
confocal  microscope’s  small  field  of  view  makes  it  extremely  difficult  to  register  exactly 
where  in  the  biopsy  images  were  acquired  so  we  identified  areas  in  histologic  sections 
that  corresponded  to  features  present  in  our  confocal  images. 
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3.3  RESULTS 


Images  were  successfully  obtained  from  specimens  from  15  of  17  biopsy  pairs 
with  resolution  similar  to  that  provided  by  bright-field  microscopy  typically  used  to 
examine  histologic  sections;  data  could  not  be  obtained  from  two  patient  specimens  due 
to  instrument  errors,  and  these  were  not  included  in  further  analyses.  Table  3.1  shows  the 
number  of  clinically  normal  and  abnormal  specimens  obtained  from  each  site  within  the 
oral  cavity.  Table  3.2  lists  the  histopathologic  diagnoses  for  each  biopsy  from  each 
patient  with  15  showing  hyperkeratosis  or  parakeratosis,  six  exhibiting  hyperplasia,  one 
with  dysplasia,  nine  moderately  differentiated  SCCs,  one  well  differentiated  SCC,  and 
three  specimens  having  no  diagnosis  due  to  the  lack  of  epithelium  in  the  histologic 
section. 

Table  3.1.  Number  of  clinically  normal  and  abnormal  biopsies  from  each  site. 


Location 

Clinical  Appearance 

Normal  Abnormal 

Tongue  (Lateral  and  Ventral  Surfaces) 

8 

8 

Floor  of  Mouth 

2 

2 

Gingiva 

2 

3 

Buccal  Mucosa 

2 

1 

Soft  Palate 

1 

1 
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Table  3.2.  Histopathologic  diagnosis  by  patient. 


Histopathologic  Diagnosis 

Pat. 

Site 

Clinically  Normal  Biopsy 

Clinically  Abnormal  Biopsy 

1 

Tongue 

(lateral  surface) 

Hyperkeratosis 

Moderately 

see 

differentiated 

2 

Buccal  mucosa 

Hyperkeratosis 

Moderately 

sec 

differentiated 

3 

Floor  of  mouth 

Mild  hyperkeratosis 

Hyperkeratosis,  hyperplasia 

4 

Tongue 

(lateral  surface) 

Mild  hyperplasia 

Moderately 

sec 

differentiated 

5 

Tongue 

(ventral  surface) 

Hyperkeratosis 

Extreme  hyperkeratosis 

6 

Tongue 

(lateral  surface) 

Mild  hyperplasia 

Moderately 

sec 

differentiated 

7 

Gingiva 

None1 

Well  differentiated  SCC 

8 

Gingiva 

Mild  hyperkeratosis 

Moderately 

SCC 

differentiated 

9 

Tongue 

(lateral  surface) 

Hyperkeratosis 

Moderately 

SCC 

differentiated 

10 

Tongue 

(ventral  surface) 

Hyperkeratosis 

None1 

11 

Tongue 

(lateral  surface) 

Hyperkeratosis,  hyperplasia 

None1 

12 

Floor  of  mouth 

Hyperkeratosis,  hyperplasia 

Moderately 

SCC 

differentiated 

13 

Tongue 

(lateral  surface) 

Parakeratosis,  hyperplasia 

Moderately 

SCC 

differentiated 

14 

Soft  Palate 

Hyperkeratosis 

Moderately 

SCC 

differentiated 

15 

Gingiva 

Hyperkeratosis 

Mild 

dysplasia 

hyperkeratotic 

'No  epithelium  in  specimen. 
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Figure  3.2  shows  a  comparison  of  histologic  (Figure  3.2A)  and  confocal  (Figure 
3.2B)  images  from  the  200  micron  thick  transverse  organ  cultures  obtained  from  the 
normal  gingiva  biopsy.  In  the  confocal  image  mosaic,  epithelial  cell  nuclei  are  apparent 
throughout  the  mucosa  with  the  epithelial  stromal  junction  clearly  visible  (double 
arrows).  In  the  stroma,  connective  tissue  and  fibroblast  nuclei  (arrow)  can  be  visualized. 
Figure  3.2  also  shows  histologic  (Figure  3.2C)  and  confocal  (Figure  3.2D)  images  of  a 
tongue  biopsy  with  the  confocal  image  plane  oriented  perpendicular  to  the  epithelial 
surface.  Again,  the  confocal  image  shows  epithelial  nuclei  throughout  the  epithelium; 
tissue  architecture  and  cell  morphology  assessed  by  reflectance  confocal  microscopy 
compare  well  to  that  assessed  by  histology. 

In  clinical  applications,  reflectance  confocal  images  would  be  obtained  with  the 
image  plane  parallel  to  the  epithelial  surface.  Figure  3.3  shows  reflectance  confocal 
images  obtained  in  this  orientation  at  different  depths  beneath  the  surface  of  the 
epithelium.  The  confocal  image  from  the  superficial  epithelium  (Figure  3.3B)  shows 
larger  cells  with  condensed  nuclei,  while  the  confocal  image  obtained  50  microns  beneath 
the  epithelial  surface  (Figure  3.3C)  shows  uniform,  smaller  intermediate  epithelial  cells. 
The  confocal  image  of  the  basal  epithelium  (Figure  3. 3D)  shows  a  distinct  increase  in  cell 
density  and  nuclear  to  cytoplasmic  ratio.  Confocal  image  features  compare  well  with  the 
corresponding  transverse  histologic  section  (Figure  3.3A).  This  pattern  of  confocal 
images  was  typical  of  those  recorded  from  normal  biopsies  in  this  study. 
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Figure  3.2.  Comparison  of  confocal  images  to  histologic  sections.  The  histology  section 
(A)  and  mosaic  of  confocal  images  (B)  from  a  200  micron  thick  transverse  organ  culture 
of  a  normal  gingiva  biopsy  show  epithelium  and  stroma;  the  basal  epithelial  nuclei  are 
readily  apparent  at  the  epithelial  stromal  junction  (double  arrows).  Epithelial  cell  nuclei 
and  fibroblast  nuclei  (single  arrow)  are  resolved.  The  histology  section  (C)  and 
transverse  confocal  image  (D)  of  a  hyperkeratotic  tongue  biopsy  show  epithelial  cell 
nuclei  from  superficial  epithelium  on  the  right  (double  arrows)  to  the  basal  layer  (single 
arrow)  on  the  left.  Scale  bars  =  50  microns. 
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Figure  3.3.  Transverse  histologic  image  (A)  and  en  face  confocal  images  (B-D)  obtained 
at  different  depths  beneath  the  epithelial  surface  from  hyperkeratotic  tissue  from  the 
ventral  tongue  surface.  Nuclear  density,  cell  size,  and  cytoplasmic  scattering  change  as 
the  depth  of  the  focal  plane  increases  from  (B)  20  microns  to  (C)  50  microns  to  (D)  1 50 
microns  beneath  the  epithelial  surface.  Scale  bars  =  50  microns. 
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In  contrast,  Figures  3.4  -  3.8  show  images  that  illustrate  the  features  of  SCCs  with 
confocal  microscopy.  Figure  3.4  shows  histologic  (Figure  3.4A,  B)  and  confocal  images 
(Figure  3.4C)  of  a  moderately  differentiated  SCC  from  the  lateral  surface  of  the  tongue. 
Extensive  variations  in  cell  size,  nuclear  size  and  nuclear  morphology  are  resolved  in 
both  the  histologic  section  (Figure  3.4B)  and  a  confocal  image  taken  100  microns  below 
the  epithelial  surface  (Figure  3.4C).  Epithelial  nuclei  (single  arrows)  appear  as  bright 
areas  on  the  confocal  image,  whereas  areas  of  stroma  with  inflammation  (double  arrows) 
appear  dark  in  the  confocal  image.  Similarly,  the  histologic  (Figure  3. 5 A,  B,  D)  and 
confocal  images  (Figure  3.5C,  E)  of  invasive  SCC  of  the  soft  palate  show  regions  of 
tumor  cells  (single  arrows)  and  interspersed  regions  of  stroma  containing  inflammatory 
cells  (double  arrows).  Confocal  images  obtained  100  microns  beneath  the  epithelial 
surface  show  strong  backscattering  from  tumor  cell  nuclei  and  dark  regions 
corresponding  to  areas  of  inflammation.  Nuclear  density  as  assessed  by  confocal 
microscopy  in  the  SCCs  of  Figures  3.4  and  3.5  is  clearly  higher  than  in  the  normal  tissue 
displayed  in  Figure  3.3. 
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Figure  3.4.  Histologic  and  confocal  images  of  a  moderately  differentiated  SCC  from  the 
lateral  surface  of  the  tongue.  (A)  Low  magnification  image  of  a  keratin  antibody 
(MMAC)  stained  section  showing  tumor  cells  interspersed  with  stroma  containing 
inflammation  (2.5X  objective).  (B)  High  magnification  image  of  tumor  cells  (single 
arrows)  containing  pleomorphic  nuclei  and  stroma  with  inflammation  (double  arrows). 
(C)  Confocal  image  taken  100  microns  below  the  epithelial  surface  illustrating 
pleomorphic  nuclei  (single  arrows)  and  dark  areas  corresponding  to  stroma  containing 
inflammation  (double  arrows).  Scale  bars  =  50  microns. 
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Figure  3.5.  Confocal  and  histologic  mages  of  invasive  SCC  of  the  soft  palate.  (A)  Low 
magnification  image  of  a  keratin  antibody  (MMAC)  stained  section  showing  extensive 
tumor  cells  surrounding  areas  of  stroma  with  inflammation  (2.5X  objective).  (B)  High 
magnification  image  of  keratinized,  tightly  packed  tumor  cells  (single  arrow)  with  stroma 
containing  inflammation  (double  arrows)  (20X  objective).  (C)  Confocal  image  taken  100 
microns  below  the  surface  of  tightly  packed,  highly  scattering  tumor  cells  (single  arrow) 
with  dark  areas  of  stroma  with  inflammation  (double  arrows).  (D)  High  magnification 
histologic  image  of  less  keratinized,  larger  tumor  cells  (single  arrow)  with  stroma 
containing  inflammation  (double  arrows)  (20X  objective).  (E)  Confocal  image  taken  100 
microns  below  the  surface  with  larger  cells  (single  arrow)  and  less  background  scattering 
combined  with  dark  areas  of  stroma  with  inflammation  (double  arrows).  Scale  bars  =  50 
microns. 
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Figure  3.6  shows  histologic  and  confocal  images  from  a  moderately  differentiated 
SCC  from  the  buccal  mucosa.  Increased  keratinization  in  tumor  cells  is  noted  in 
histologic  (Figure  3.6B)  and  confocal  images  (Figure  3.6C)  as  higher  signal  return  from 
cytoplasmic,  nonnuclear  areas  (single  arrows).  Large,  homogeneous  keratin  pearls 
(Figure  3.6D,  E)  were  visible  in  confocal  images  as  areas  of  high  return  with  a  speckled 
appearance  (single  arrows).  These  features  were  also  observed  in  images  of  a  well 
differentiated  SCC  from  the  gingiva  (Figure  3.7).  The  confocal  images  show  both  keratin 
pearls  (double  arrows)  (Figure  3.7C)  and  tumor  cells  (single  arrows)  surrounded  by 
smaller  keratin  pearls  (Figure  3.7E).  Confocal  image  features  compare  well  with 
corresponding  histologic  images. 

In  addition  to  tumor  cells  and  keratin,  confocal  imaging  identified  other  features 
in  normal  and  neoplastic  oral  tissues.  Figure  3.8  shows  images  from  a  moderately 
differentiated  SCC  from  the  lateral  surface  of  the  tongue.  Figure  3.8B  and  C  show 
histologic  and  confocal  images  of  muscle  fibers  (single  arrows);  the  muscle  fibers  do  not 
strongly  scatter  light  and  appear  dark  in  the  confocal  image.  Areas  of  fibrosis  in  the 
tumor  are  clearly  discernible  in  histologic  (Figure  3.8D)  and  confocal  images  (Figure 
3.8E).  Confocal  images  of  fibrosis  show  scattering  from  individual  fibers  (double 
arrows)  as  well  as  elongated  fibroblast  nuclei  (single  arrows).  Figure  3.9  shows  images 
from  salivary  glands  (single  arrows)  in  a  biopsy  specimen  from  the  floor  of  the  mouth. 
Confocal  images  of  these  glands  are  characterized  by  bright  return  from  serous  demilunes 
containing  serous  secreting  cells  surrounding  darker  regions  of  low  return  from  mucous- 
secreting  units  [124], 
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Figure  3.6.  Images  of  a  moderately  differentiated  SCC  from  the  buccal  mucosa.  (A) 
Low  magnification  image  of  a  keratin  antibody  (MMAC)  stained  section  showing  keratin 
pearls,  highly  keratinized  tumor  cells,  and  stroma  with  inflammation  (2.5X  objective). 
(B)  High  magnification  histologic  image  of  tumor  cells  (single  arrow)  and  stroma 
containing  inflammation  (double  arrows)  (20X  objective).  (C)  Confocal  image  taken  200 
microns  below  the  epithelial  surface  showing  dark  regions  of  stroma  with  inflammation 
(double  arrows)  alternating  with  tightly  packed  tumor  cells  (single  arrow)  containing 
irregular  nuclei.  (D)  High  magnification  histologic  image  of  a  keratin  pearl  (single 
arrow)  (20X  objective).  (E)  Confocal  image  of  a  keratin  pearl  (single  arrow)  taken  50 
microns  below  the  surface  showing  the  highly  reflective,  speckled  appearance 
characteristic  of  keratin.  Scale  bars  =  50  microns. 
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Figure  3.7.  Images  of  a  well  differentiated  SCC  from  the  gingiva.  (A)  Low 
magnification  image  of  a  keratin  antibody  (MMAC)  stained  section  showing  tumor  cells 
and  keratin  pearls  interspersed  with  stroma  containing  inflammation  (2.5X  objective). 
(B)  High  magnification  histologic  image  of  a  keratin  pearl  (double  arrows)  (20X 
objective).  (C)  Confocal  image  taken  50  microns  below  the  surface  containing  highly 
reflective  keratin  (double  arrows).  (D)  High  magnification  histologic  image  of  keratin 
pearls  with  highly  keratinized  tumor  cells  (single  arrow)  (20X  objective).  (E)  Confocal 
image  taken  50  microns  below  the  surface  containing  areas  of  highly  reflective  keratin 
with  nuclei  (single  arrow).  Scale  bars  =  50  microns. 
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Figure  3.8.  Images  of  a  muscle  and  fibrosis  from  a  moderately  differentiated  SCC  from 
the  lateral  surface  of  the  tongue.  (A)  Low  magnification  image  of  an  H&E  section  shows 
skeletal  muscle  and  extensive  fibrosis  (2.5X  objective).  (B)  High  magnification 
histologic  image  of  muscle  (single  arrow)  (20X  objective).  (C)  Confocal  image  of 
muscle  (single  arrow)  taken  100  microns  below  the  surface.  (D)  High  magnification 
histologic  image  of  fibrosis  (double  arrows)  with  elongated  fibroblast  nuclei  (single 
arrow)  (20X  objective).  (E)  Confocal  image  of  fibrosis  (double  arrows)  taken  50  microns 
below  the  surface  illustrating  reflectance  from  structural  protein  fibers  and  containing 
elongated  fibroblast  nuclei  (single  arrow).  Scale  bars  =  50  microns. 


41 


c 


Figure  3.9.  Images  of  salivary  glands  from  the  floor  of  the  mouth.  (A)  Low 
magnification  image  of  a  keratin  antibody  (MMAC)  stained  section  showing  extensive 
salivary  glands  (2.5X  objective).  (B)  High  magnification  histologic  image  of  salivary 
glands  (single  arrow)  (20X  objective).  (C)  Confocal  image  of  salivary  glands  (single 
arrow)  taken  50  microns  below  the  surface.  Scale  bars  =  50  microns. 

An  important  performance  measure  for  confocal  imaging  in  vivo  is  the  maximum 
depth  at  which  images  can  be  obtained,  or  “penetration  depth.”  We  observed  a  wide 
variation  in  penetration  depth  throughout  this  study.  We  analyzed  image  stacks  from  13 
normal  samples  in  which  confocal  images  throughout  the  epithelium  were  captured,  and 
we  were  able  to  image  up  to  the  confocal  microscope’s  working  distance  (250  microns) 
31%  of  the  time.  In  46%  of  the  cases,  penetration  depth  was  between  150  -  200  microns, 
while  23%  of  the  time,  penetration  depth  was  100-  150  microns.  We  hypothesize  that 
increased  levels  of  keratin,  particularly  in  the  superficial  epithelium,  can  limit  the  ability 
of  illumination  light  to  penetrate  to  lower  depths  due  to  the  high  refractive  index  of 
keratin  compared  to  cytoplasm  (nkeratm  =  1  54  [125]  versus  neoplasm  =  1.37  [126]  ). 
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3.4  DISCUSSION 


The  confocal  images  presented  here  illustrate  the  ability  of  reflectance  confocal 
microscopy  to  image  oral  mucosa  with  resolution  comparable  to  histologic  evaluation 
without  tissue  preparation  and  staining.  In  normal  tissue,  depth-related  changes  in  cell 
diameter  and  nuclear  density  were  observed  at  multiple  anatomic  sites  within  the  oral 
cavity.  In  SCCs,  densely  packed,  pleomorphic  tumor  nuclei  could  be  visualized  with 
distinct  differences  in  nuclear  density  and  morphology  distinguishable  between  confocal 
images  of  neoplastic  and  non-neoplastic  oral  cavity.  Other  features  of  non-cancerous  and 
cancerous  oral  tissue  that  could  be  identified  in  the  confocal  images  included  areas  of 
inflammation,  fibrosis,  muscle  fibers  and  salivary  glands.  Areas  of  inflammation  appear 
dark  in  confocal  images  of  the  oral  cavity. 

The  images  reported  here  show  similar  features  in  the  oral  cavity  to  those  reported 
by  White  et  al  [44],  In  that  study,  images  of  the  superficial  epithelial  layers  of  the  lip  and 
anterior  tongue  were  acquired  at  depths  of  up  to  490  pm  and  250  pm,  respectively.  Cell 
nuclei  and  membranes  were  clearly  resolved  in  the  epithelial  layers,  correlating  well  with 
histology.  The  use  of  a  low  power  objective  (30X)  allowed  the  capture  of  different 
structures  in  the  lamina  propria  including  collagen  fibers  and  blood  vessels.  The  study 
presented  here  provides  a  more  comprehensive  survey  of  the  morphologic  features  that 
can  be  measured  using  reflectance  confocal  microscopy  from  oral  sites  such  as  the  floor 
of  the  mouth,  gingiva,  buccal  mucosa,  soft  palate  and  lateral  surfaces  of  the  tongue,  and 
how  these  features  change  with  the  development  of  SCC. 
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Confocal  microscopy  can  provide  images  of  many  important  cellular  and 
architectural  features  of  SCC.  While  the  images  presented  here  were  obtained  from 
biopsies  measured  immediately  after  excision,  we  have  recently  described  a  fiber  optic 
reflectance  confocal  microscope  that  has  been  used  to  obtain  images  of  the  oral  cavity  in 
vivo  [108,  109].  This  flexible  confocal  microendoscope  is  small  enough  that  it  can  be 
used  to  examine  sites  throughout  the  oral  cavity.  The  tip  of  the  endoscope  is  placed  in 
contact  with  the  tissue  to  be  imaged.  A  small  drop  of  saline  provides  index  matching 
between  the  tip  of  the  endoscope  and  the  tissue.  Weak  suction  is  applied  at  the  distal  tip 
of  the  microendoscope  to  pull  the  tissue  up  through  the  image  plane  of  the  confocal 
microscope,  to  easily  obtain  images  at  different  depths  beneath  the  surface  of  the 
epithelium. 

The  ability  to  obtain  such  images  in  vivo  and  at  near  real  time  suggests  several 
potential  clinical  applications  for  reflectance  confocal  microscopy  such  as  noninvasive 
diagnosis  of  oral  lesions  and  the  ability  to  determine  tumor  margins  in  vivo  in  real  time. 
Visual  inspection  and  palpation  remain  the  standard  methods  used  to  assess  the  extent  of 
mucosal  involvement  by  carcinomas  and  premalignant  lesions.  However,  molecular  and 
pathologic  assessments  of  “normal  appearing”  mucosa  have  revealed  molecular  and 
cellular  changes  in  these  tissues,  illustrating  the  fallibility  of  visual  detection  of  dysplasia 
even  by  highly  trained  clinicians  [127,  128].  To  compensate  for  the  limitation  of 
surgeons  to  determine  exactly  the  margins  of  carcinoma  or  dysplasia,  it  is  accepted 
practice  to  resect  a  large  cuff  (approximately  1-2  cm.)  of  normal  appearing  mucosa 
around  the  visibly  abnormal  tissue.  This  produces  better  likelihood  of  complete  excision, 
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but  increased  postoperative  morbidity  due  to  the  greater  amount  of  tissue  removed.  In 
tertiary  care  centers,  problems  caused  by  the  inability  to  visually  distinguish  the  margins 
of  carcinoma  and  dysplasia  is  ameliorated  by  the  use  of  frozen  section  to  analyze  edges 
of  the  resection  using  light  microscopy.  However,  accurate  frozen  section  analysis  is  time 
consuming,  costly,  dependent  on  the  experience  and  skill  of  the  histotechnician  and 
pathologist,  and  not  available  in  unspecialized  medical  facilities.  Thus,  technological 
advancements  such  as  in  vivo  confocal  imaging  that  improve  the  ability  of  surgeons  to 
accurately  identify  tumor  margins  in  real  time  could  have  substantial  benefit  for  patients. 
As  our  results  demonstrate,  in  vivo  confocal  imaging  has  the  potential  to  assess  features 
of  normal  mucosa  and  SCC,  and  may  yield  a  very  attractive  alternative  method  to  assess 
the  status  of  mucosal  margins,  through  its  capability  to  visualize  cellular  morphology, 
and  tissue  architecture  in  real  time  without  the  need  for  sectioning  and  staining. 
Significant  time  and  cost  savings  through  the  use  of  confocal  examination  of  frozen  sections 
from  Mohs  micrographic  surgery  for  excision  of  nonmelanoma  skin  cancers  have  already 
been  noted  by  Rajadhyaksha  et  al  [129],  We  acknowledge  that  a  limitation  of  in  vivo 
confocal  microscopy  is  penetration  depth  and  therefore  its  inability  to  assess  the  deep 
margin  of  a  large,  invasive  tumor.  In  addition,  verrucous  lesions  with  extreme 
hyperkeratosis  may  not  permit  adequate  light  penetration  to  visualize  the  epithelial 
stromal  border. 

Achieving  the  clinical  potential  of  in  vivo  confocal  imaging  will  require  further 
characterization  of  the  cellular  and  architectural  features  of  oral  tissue  that  are  visible 
with  confocal  microscopy  and  assessment  of  how  they  match  standard  histologic 
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examination.  This  includes  imaging  of  more  dysplastic  lesions  and  the  evaluation  of  the 
efficiency  of  confocal  imaging  in  the  clinical  assessment  of  margin  involvement  and 
response  to  treatment.  Two  primary  challenges  must  be  addressed  in  these  studies.  The 
first  is  to  obtain  images  in  vivo  and  assess  their  image  characteristics  in  comparison  to 
our  previous  results  and  standard  histologic  examination;  we  have  just  commenced  an  in 
vivo  pilot  study  of  fiber  optic  reflectance  confocal  microscopy  of  oral  lesions.  The 
second  is  to  explore  methods  that  can  increase  the  penetration  depth  at  which  good 
quality  confocal  images  can  be  obtained.  We  are  studying  methods  to  increase 
penetration  depth  through  the  use  of  additional  signal  filtering  techniques  such  as 
coherence  gating  to  better  isolate  backscattered  light  from  our  focal  plane  [59]  and 
chemical  agents  such  as  glucose  and  glycerol  to  improve  index  matching  at  the  surface 
[44,  130]. 

3.5  Conclusion 

In  this  study,  we  have  shown  the  power  of  reflectance  confocal  microscopy  to 
visualize,  at  the  subcellular  level,  features  of  both  normal  and  neoplastic  oral  mucosa 
throughout  the  oral  cavity  as  well  as  the  composition  of  SCCs  with  varying 
differentiation  levels.  Our  results  support  the  potential  for  this  tool  to  play  a  significant 
role  in  the  clinical  evaluation  of  oral  lesions,  real-time  identification  of  tumor  margins, 
and  monitoring  of  response  to  therapeutic  treatment. 
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CHAPTER  4 


Confocal  Microscopy  for  Diagnosis  of  Oral  Cavity  Preneoplasia  and 

Neoplasia 


4.1  Introduction 

Oral  cancer  remains  an  important  health  issue  throughout  the  world.  In  the 
United  States,  over  27,000  new  cases  and  approximately  7,000  deaths  attributable  to  oral 
cancer  are  expected  in  2003.  In  some  areas  of  the  world,  this  malignancy  is  much  more 
common;  oral  cancer  is  the  most  common  cancer  among  men  and  the  third  most  common 
cancer  in  women,  in  India  [1].  Prognosis  for  patients  diagnosed  with  oral  cancer  remains 
disappointingly  low  with  five-year  survival  rates  continuing  to  hover  in  the  fiftieth 
percentile  [2].  These  low  survival  rates  are  directly  linked  to  the  significant  number  of 
oral  squamous  cell  carcinomas  that  are  not  diagnosed  until  they  are  symptomatic,  at 
which  point  they  are  typically  larger  than  2  cm  and  in  50%  of  the  cases,  the  condition  has 
already  spread  regionally  to  the  lymph  nodes  [131,  132]. 

A  primary  cause  of  the  delay  in  diagnosing  precancerous  lesions  before  they 
progress  to  carcinoma  is  the  difficulty  in  clinically  differentiating  them  from  the  many 
other  benign  oral  lesions.  In  [4],  Scully  lists  32  lesions  other  than  neoplasms  that  present 
as  lumps  or  swellings  in  the  mouth.  Preneoplastic  lesions  are  often  painless  and  almost 
always  asymptomatic  [133]  without  the  classic  indicators  of  advanced  oral  cancer  such  as 
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ulceration,  induration,  nodularity,  bleeding,  and  cervical  adenopathy  [134].  Current 
guidance  is  to  perform  a  biopsy  when  a  lesion  has  been  present  for  over  three  weeks  or  if 
the  patient  is  in  a  high-risk  group  [5],  but  even  experienced  clinicians  have  difficulty  in 
selecting  a  representative  location  on  the  lesion  for  biopsy.  The  ability  to  examine  oral 
lesions  with  subcellular  resolution  in  vivo  could  allow  a  clinician  to  screen  for  dysplastic 
epithelium  in  order  to  select  lesions  requiring  biopsy  and  target  a  representative  area  for 
biopsy. 

An  exciting  new  technology,  confocal  microscopy,  has  the  ability  to  support 
clinicians  by  imaging  cellular  structures  within  the  epithelial  layer  without  the  need  for  a 
biopsy.  Confocal  microscopy  is  an  optical  technique  that  samples  small  volumes  of 
tissue  producing  microscopic  resolution  at  depths  up  to  several  hundred  micrometers  into 
tissue.  This  resolution  combined  with  changes  in  refractive  index,  particularly  between  a 
cell’s  nucleus  and  cytoplasm,  provide  details  of  cell  and  tissue  morphology  required  for 
morphologic  analysis  of  the  tissue.  In  addition,  recent  advances  in  scanning  mechanisms 
and  miniaturized  optics  have  enabled  the  technology  to  acquire  images  in  situ  in  near 
real-time  [40, 42, 44, 135-137]. 

The  goal  of  this  study  was  to  assess  the  ability  of  reflectance  confocal  microscopy 
to  detect  the  presence  of  precancerous  changes  in  oral  epithelium.  We  report  results  of  a 
pilot  study  using  reflectance  confocal  microscopy  to  image  pairs  of  clinically  normal  and 
abnormal  biopsies  obtained  from  22  patients.  We  find  that  confocal  microscopy  can 
image  oral  mucosa  with  the  resolution  required  to  detect  morphologic  changes  in  oral 
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mucosa,  but  variations  in  hyperkeratotic  layer  composition  and  thickness  as  well  as 
variable  epithelial  depth  complicate  detection  of  precancerous  changes. 

4.2  METHODS  AND  MATERIALS 

4.2.1  Specimens 

Oral  cavity  biopsies  were  acquired  from  22  patients  at  the  Head  and  Neck  Clinic 
of  the  University  of  Texas  M.  D.  Anderson  Cancer  Center  who  were  undergoing  surgery 
for  squamous  cell  carcinoma  (SCC)  within  the  oral  cavity.  Informed  consent  was  given 
by  all  patients,  and  the  project  was  reviewed  and  approved  by  the  University  of  Texas  M. 
D.  Anderson  Cancer  Center  Office  of  Protocol  Research  and  the  Institutional  Review 
Board  at  the  University  of  Texas  at  Austin.  Biopsies  (approximately  3  mm  wide  by  4 
mm  long  by  2  mm  thick)  were  acquired  from  at  least  one  clinically  normal  appearing  and 
clinically  suspicious  area  and  immediately  placed  in  growth  medium  (DMEM,  no  phenol 
red).  Reflectance  confocal  images  were  obtained  at  multiple  image  plane  depths  from 
biopsies  within  twelve  hours  of  excision.  Following  imaging,  biopsies  were  fixed  in  10% 
formalin  and  submitted  for  routine  histologic  examination  by  an  experienced  head  and 
neck  pathologist.  Additional  sections  from  biopsies  were  stained  with  Monoclonal 
Mouse  anti-Cytokeratin  (Pan)  (MMAC)  Concentrate  Antibody  (Zymed  Laboratories, 
Inc.),  a  broad  spectrum  monoclonal  antibody  cocktail  of  clones  A1  and  A3  which  reacts 
to  cytokeratins  10,  14/15,  16  and  19  in  the  acidic  subfamily  and  all  members  of  the  basic 
subfamily,  to  assess  correlations  between  confocal  image  features  and  the  presence  of 
keratin  in  the  specimen. 
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4.2.2  Confocal  System 

Images  were  obtained  from  each  biopsy  using  the  confocal  arm  of  an  optical 
coherence  microscope  (OCM)  with  its  reference  arm  blocked  (Figure  4.1).  Illumination 
was  provided  by  a  broadband  superluminescent  diode  (Superlum  Diodes,  Ltd.,  SLD  38) 
operating  at  850  nm  with  a  25  nm  lull-width  half  maximum  (FWHM)  bandwidth  and 
delivered  to  the  confocal  microscope  through  a  50/50  coupler  and  a  single-mode  optical 
fiber.  The  illumination  light  was  collimated  to  a  beam  diameter  of  8  mm  upon  exciting 
the  optical  fiber  and  delivered  to  a  water  immersion  microscope  objective  (40X,  0.8  NA) 
via  a  raster-scanning  system.  This  scanning  system  used  a  resonant  scanner  providing  an 
85  Hz  line  scan  rate  and  a  slow  scan  galvanometer  to  move  the  focused  light  in  the 
sample,  allowing  acquisition  of  images  in  3  seconds.  The  objective  focused  light  to  a  1 
micron-diameter  spot  with  an  average  illumination  power  of  0.4  mW.  Light 
backscattered  from  the  tissue  was  recoupled  into  the  optical  fiber  and  sent  to  a  low-noise, 
broadband  detector  (New  Focus,  1801-FC).  The  detector  signal  was  bandpass  filtered  to 
250  kHz  and  amplified  by  10  dB  before  being  sampled  by  a  data  acquisition  board 
(National  Instruments,  PCI-MIO-16E-4)  in  a  computer. 
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Piezo- 


Figure  4. 1 .  Diagram  of  the  OCM  system  containing  the  confocal  arm  used  to  image  oral 
cavity  specimens  with  its  reference  arm  blocked. 

The  confocal  microscope  system  operated  at  a  dimensionless  fiber  spot  size,  A, 
[70]  of  2.81  to  optimize  optical  sectioning.  The  measured  lateral  and  axial  resolution  of 
the  system  were  2.3  microns  and  5.4  microns,  respectively.  The  field  of  view  was 
adjustable  from  150  -  250  microns  by  controlling  the  deflection  of  the  scan  mirrors. 

4.2.3  Images  and  Image  Processing 

Prior  to  imaging,  biopsies  were  removed  from  growth  media,  rinsed  with 

phosphate  buffered  solution  (PBS),  and  oriented  so  the  image  plane  of  the  microscope 

was  parallel  to  the  epithelial  surface  and  would  approach  the  epithelial  layer  first.  A  6% 

solution  of  acetic  acid  was  then  added  to  each  sample  to  increase  image  contrast  [123]. 
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Confocal  images  were  acquired  at  various  epithelial  depths  until  tissue  details  were  no 
longer  resolvable.  Upon  acquisition,  image  voltage  data  was  saved  to  a  file  as  floating 
point  numbers  and  also  translated  into  8-bit,  grayscale  format  using  a  full-scale  contrast 
stretch  algorithm  to  produce  individual  images.  Each  of  the  image  frames  presented  here 
were  given  additional  post-processing  to  increase  image  quality.  Brightness  was 
enhanced  by  adding  a  selected  percentage  of  full  gray  scale  to  each  pixel  and  contrast 
increased  by  removing  another  percentage  of  full  gray  scale  from  the  image  and 
expanding  the  remaining  midrange  gray  levels.  Descriptive  statistics  characterizing 
nuclear  morphology  were  calculated  for  each  image  with  resolvable  nuclei.  Binary 
masks  outlining  nuclei  and  the  total  field  of  view  occupied  by  nuclei  were  hand- 
segmented  by  one  person  using  a  graphics  editing  program  (JASC,  Paintshop).  These 
masks  were  used  to  extract  the  area  of  each  nucleus  and  the  area  of  the  overall  field  of 

view,  allowing  calculation  of  mean  nuclear  area  and  nuclear  to  cytoplasmic  ratio  for  each 
image. 

Images  of  stained  histologic  sections  were  acquired  using  a  color  CCD  camera 
coupled  to  a  brightfield  microscope.  The  small  field  of  view  of  the  OCM  made  it 
extremely  difficult  to  register  exactly  where  in  the  biopsy  images  were  acquired  so  areas 
were  identified  in  histologic  sections  that  corresponded  to  features  present  in  our  images. 

4.2.4  Pathologic  Review  of  Confocal  Images 

Forty  depth  of  focus  stacks  from  26  biopsies  were  selected  based  on  image  clarity, 
with  no  more  than  two  stacks  per  biopsy.  Depth  of  focus  stacks  were  reviewed  by  two 
different  groups  to  determine  whether  pathologic  diagnoses  could  be  made  accurately 
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from  confocal  images  of  oral  epithelium.  The  first  group  was  comprised  of  17 
pathologists  and  pathology  fellows  from  the  Department  of  Pathology  at  the  University  of 
Texas  M.  D.  Anderson  Cancer  Center.  The  goal  of  this  review  was  to  determine  whether 
confocal  images  provided  an  adequate  level  of  detail  for  a  trained  pathologist  to  diagnose 
dysplasia  and  SCC.  Image  stacks  were  placed  in  random  order  and  presented  to  this 
group  with  information  on  which  site  in  the  oral  cavity  the  sample  was  acquired  from  and 
the  depth  below  the  tissue  surface  at  which  each  image  was  taken.  Each  reviewer  was 
asked  to  classify  samples  as  normal,  dysplastic,  or  cancerous  and,  if  possible,  rate  the 
severity  of  any  detected  dysplasia,  based  on  a  training  set  of  cervical  confocal  images  of 
normal  epithelium  and  severe  dysplasia  from  a  different  study  [107].  A  second  group 
consisting  of  10  engineering  graduate  students  and  one  faculty  member  from  the  Optical 
Spectroscopy  and  Imaging  Lab  at  the  University  of  Texas  at  Austin  was  asked  to  review 
the  same  samples.  This  review  was  performed  to  see  if  individuals  without  formal 
training  in  pathology  could  detect  the  morphologic  changes  associated  with  dysplasia  and 
SCC  in  the  oral  cavity.  The  same  image  stacks  were  used  for  this  review,  but  were 
organized  by  patient.  The  reviewers  were  not  informed  whether  the  images  were  from  a 
clinically  normal  or  abnormal  site,  but  were  told  which  stacks  were  from  the  same 
patient,  which  site  in  the  oral  cavity  the  images  were  from,  and  at  what  depth  they  were 
acquired.  The  reviewers  were  asked  to  classify  each  sample  as  normal  or  abnormal  based 
on  the  same  training  set  used  with  the  first  group.  The  sensitivity  and  specificity  for 
detection  of  neoplasia  by  each  reviewer  was  calculated  using  histopathologic  diagnosis  as 
the  standard  of  reference,  with  hyperkeratotic  and  hyperplastic  biopsies  classified  as 
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normal  and  dysplastic  and  SCC  biopsies  classified  as  abnormal.  In  order  to  reduce  error 
from  focal  variations,  we  removed  all  samples  from  biopsies  with  focal  dysplasia, 
resulting  in  a  sample  size  of  32  depth  of  focus  stacks  from  21  biopsies  for  analysis. 

4.3  Results 

4.3.1  Imaging  Results 

Images  were  successfully  obtained  from  41  biopsies  acquired  from  18  of  22 
patients  with  resolution  similar  to  that  provided  by  bright-field  microscopy  typically  used 
to  examine  histologic  sections;  data  could  not  be  obtained  from  three  patient  specimens 
due  to  instrument  errors  and  in  one  case,  we  were  unable  to  acquire  an  abnormal 
specimen  due  to  the  small  size  of  the  lesion.  Table  4.1  shows  the  number  of  clinically 
normal  and  abnormal  specimens  obtained  from  each  site  within  the  oral  cavity.  Table  4.2 
lists  the  histopathologic  diagnoses  for  each  biopsy  from  each  patient  with  28  showing 
hyperkeratosis,  18  exhibiting  hyperplasia,  seven  with  mild  dysplasia  (three  focal),  four 
with  moderate  dysplasia  (two  focal),  one  with  focal  severe  dysplasia,  three  moderately 
differentiated  SCC,  two  well  differentiated  SCC,  and  four  specimens  having  no  diagnosis 
due  to  a  lack  of  epithelium  in  the  histologic  section 
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Table  4.1.  Number  of  clinically  normal  and  abnormal  biopsies  from  each  site. 


Location 

Clinical  Appearance 

Normal  Abnormal 

Tongue  (Lateral  and  Ventral  Surfaces) 

6 

6 

Floor  of  Mouth 

4 

4 

Gingiva 

5 

8 

Buccal  Mucosa 

4 

2 

Soft  Palate 

1 

1 
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Table  4.2.  Histopathologic  diagnosis  by  patient. 


Pat. 

Site 

Histopathologic  Diagnosis 

Clinically  Normal  Biopsy 

Clinically  Abnormal 
Biopsy 

1 

Buccal  mucosa  (Nl) 
Floor  of  mouth  (N2) 
Gingiva  (A) 

Hyperkeratosis,  hyperplasia 
(Nl  and  N2) 

Moderately  differentiated  SCC 

2 

Tongue 

(ventral  surface) 

Hyperkeratosis,  hyperplasia 

Moderate  focal  dysplasia, 
hyperkeratosis 

3 

Tongue 

(lateral  surface)  (N) 
Floor  of  mouth  (A) 

Mild  focal  dysplasia 

Well  differentiated  SCC 

4 

Tongue 

(lateral  surface) 

Hyperkeratosis 

Mild  dysplasia,  hyperkeratosis 

5 

Gingiva 

None1 

Moderately  differentiated  SCC 

6 

Floor  of  mouth 

Mild  dysplasia,  mild 
hyperkeratosis 

Mild  hyperkeratosis, 
hyperplasia 

7 

Tongue 

(lateral  surface) 

Hyperkeratosis,  hyperplasia 

Moderate  focal  dysplasia 

8 

Gingiva 

Hyperkeratosis,  hyperplasia 

Hyperkeratosis,  hyperplasia 

9 

Gingiva 

Mild  focal  dysplasia 

Moderate  to  severe  focal 
dysplasia,  hyperkeratosis 

10a 

Gingiva 

None' 

Hyperkeratosis,  hyperplasia 

10b 

Soft  Palate 

Hyperkeratosis,  hyperplasia 

Well  differentiated  SCC 

11 

Floor  of  mouth  (N) 
Gingiva  (A) 

Hyperkeratosis,  hyperplasia 

None' 

12 

Tongue 

(lateral  surface) 

Hyperkeratosis,  hyperplasia 

Mild  focal  dysplasia, 
hyperkeratosis 

13 

Floor  of  mouth 

Mild  dysplasia,  hyperkeratosis 

Mild  to  moderate  dysplasia, 
severe  hyperkeratosis 

14 

Tongue 

(lateral  surface) 

Severe  hyperkeratosis, 
hyperplasia 

Mild  dysplasia 

15 

Buccal  mucosa 
(N,  Al,  A2) 

Hyperkeratosis,  hyperplasia 

Severe  hyperkeratosis  (Al) 
Hyperkeratosis,  hyperplasia 
(A2) 

16 

Buccal  mucosa  (N) 
Floor  of  mouth  (Al) 
Gingiva  (A2) 

Hyperkeratosis,  hyperplasia 

Moderate  dysplasia, 
hyperkeratosis  (Al) 
Hyperkeratosis,  hyperplasia, 

(A2) 

17 

Gingiva 

Hyperkeratosis,  hyperplasia 

Moderately  differentiated  SCC 

18 

Buccal  mucosa  (N) 
Tongue 

(lateral  surface)  (A) 

Hyperkeratosis,  hyperplasia 

None1 

'No  epithelium  in  specimen. 
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The  confocal  microscope’s  ability  to  optically  section  tissue  empowers  the 
acquisition  of  images  at  different  depths  below  the  epithelial  surface  with  orientation 
parallel  to  the  surface.  Figure  4.2  shows  images  acquired  from  a  hyperkeratotic  and 
hyperplastic  biopsy  from  the  ventral  surface  of  the  tongue.  The  confocal  image  from  the 
superficial  layer  (Figure  4.2B)  shows  larger  cells  with  condensed  nuclei,  while  the 
confocal  image  obtained  80  microns  beneath  the  epithelial  surface  (Figure  4.2C)  shows 
uniform,  smaller  intermediate  epithelial  cells.  The  confocal  image  from  120  microns 
below  the  tissue  surface  (Figure  4.2D)  visualizes  both  intermediate  epithelial  cells  and 
more  brightly  returning,  tightly  packed  basal  cells  (arrow).  The  presence  of  basal  cells  is 
explained  in  the  next  confocal  image  from  160  microns  below  the  tissue  surface  (Figure 
4.2E)  where  the  top  of  a  rete  is  captured  in  the  same  region.  At  200  microns  below  the 
tissue  surface  (Figure  4.2F),  the  image  plane  is  in  the  stroma  of  this  rete  process,  resulting 
in  a  dark  region  of  low  return  (double  arrows)  and  the  top  of  another  rete  process  has 
appeared.  Confocal  image  features  compare  well  with  the  corresponding  transverse 
histologic  section  (Figure  4.2A).  This  pattern  of  confocal  images  was  typical  of  those 
recorded  from  normal  biopsies  in  this  study. 
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Figure  4.2.  Transverse  histologic  section  (A)  with  en  face  confocal  images  (B  -  F) 
obtained  at  different  depths  below  the  epithelial  surface  of  a  hyperkeratotic  and 
hyperplastic  biopsy  from  the  ventral  surface  of  the  tongue.  Nuclear  density,  cell  size,  and 
cytoplasmic  scattering  change  as  the  depth  of  the  focal  plane  increases  from  (B)  40 
microns  to  (C)  80  microns  beneath  the  epithelial  surface,  moving  from  the  superficial 
layer  to  the  intermediate.  At  120  microns  below  the  tissue  surface,  brightly  returning 
basal  cells  appear  in  one  portion  of  the  image  (arrow)  and  at  (E)  160  microns,  the  image 
plane  has  reached  the  top  of  a  rete  process  surrounded  by  these  basal  cells.  At  (F)  200 
microns,  another  rete  process  appears  in  the  bottom  center  of  the  image  while  a  dark 
region  of  stroma  occupies  most  of  the  top  of  the  image  (double  arrows).  Scale  bars  =  20 


microns. 


High  resolution  confocal  endoscopes  that  acquire  confocal  images  in  vivo  give 
this  technology  a  potential  role  in  clinical  evaluation  of  oral  lesions.  Figure  4.3  shows  an 
example  of  how  a  clinical  evaluation  of  a  patient’s  mouth  might  be  visualized  using  a 
confocal  endoscope.  In  Figure  4.3A,  a  clinically  abnormal  area  is  present  in  the  top  of 
the  patient’s  soft  palate  (B)  while  a  clinically  normal  area  is  apparent  at  the  bottom  of  the 
soft  palate  (E).  Visualization  of  a  biopsy  from  the  abnormal  area  by  both  histologic 
analysis  (Figure  4.3B  and  C)  and  confocal  imaging  (Figure  4.3D)  reveal  tightly  packed 
tumor  cells  (arrows)  and  stroma  with  inflammation  (double  arrows)  consistent  with  the 
pathologic  diagnosis  of  invasive,  well  differentiated  cancer.  In  sharp  contrast, 
examination  of  a  biopsy  from  the  clinically  normal  area  (Figure  4.3E,  F,  and  G)  reveals 
regularly  shaped  nuclei  (arrows)  with  low  nuclear  to  cytoplasmic  ratio,  matching  the 
pathologic  diagnosis  of  hyperkeratosis  and  hyperplasia.  In  both  cases,  the  confocal 
images  delineate  tissue  architecture  and  cell  morphology  which  correlates  well  with 
histology. 
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Figure  4.3.  Clinical  example  with  a  macroscopic  digital  image  of  a  patient’s  soft  palate 
and  corresponding  histologic  and  confocal  images  from  biopsies  acquired  from  this 
patient.  (A)  Digital  image  identifying  the  region  of  the  soft  palate  from  which  the 
abnormal  (B)  and  normal  (E)  biopsies  were  acquired.  (B)  Low  magnification  image  of 
an  H&E  section  from  an  invasive,  well  differentiated  SCC  with  tumor  cells  and  stroma 
with  inflammation  (4X  objective).  (C)  High  magnification  image  of  an  H&E  section 
from  an  invasive,  well  differentiated  SCC  with  tumor  cells  (arrow)  and  stroma  with 
inflammation  (double  arrows)  (20X  objective).  (D)  Confocal  image  taken  40  microns 
below  the  surface  of  an  invasive,  well  differentiated  SCC  showing  tightly  packed  tumor 
cells  with  irregular  nuclei  (arrow)  and  a  dark  region  of  stroma  with  inflammation  (double 
arrows).  (E)  Low  magnification  image  of  an  H&E  section  from  a  hyperkeratotic  and 
hypeiplastic  biopsy  with  regularly  shaped  nuclei  and  a  much  lower  nuclear-cytoplasmic 
ratio  than  in  (B)  (10X  objective).  (E)  Low  magnification  image  of  an  H&E  section  from 
a  hyperkeratotic  and  hyperplastic  biopsy  with  regularly  shaped  nuclei  (arrow)  and  a  much 
lower  nuclear-cytoplasmic  ratio  than  in  (C)  (20X  objective).  (F)  Confocal  image  taken 
100  microns  below  the  surface  with  regularly  shaped  nuclei  (arrow)  and  a  much  lower 
nuclear-cytoplasmic  ratio  than  in  (D).  Scale  bars  =  20  microns. 
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4. 3. 2  Nuclear  Morphologic  Analysis 

We  reviewed  the  nuclear  morphologic  statistics  extracted  from  confocal  images  to 
determine  whether  any  diagnostic  differentiation  could  be  made,  concentrating  on  nuclear 
to  cytoplasmic  ratio  and  average  nuclear  area  since  a  similar  study  in  the  cervix  had 
found  these  values  to  be  diagnostically  significant  [107].  Figure  4.4  shows  a  scatter  plot 
of  nuclear  to  cytoplasmic  ratio  versus  average  nuclear  area  for  images  obtained  at  50 
microns  below  the  tissue  surface,  a  depth  that  provided  excellent  diagnostic  contrast  in 
the  cervix.  These  parameters  do  not  provide  good  separation  of  the  normal  samples, 
preneoplastic  and  neoplastic  samples.  Upon  further  review  of  the  images,  we  determined 
that  50  microns  was  not  deep  enough  to  discriminate  normal  and  dysplastic  epithelium 
because  1)  a  majority  of  our  dysplasia  samples  were  classified  as  mild  and  therefore 
morphologic  variations  due  to  the  dysplasia  were  restricted  to  the  bottom  third  of  the 
epithelium  and  2)  many  of  our  samples  had  hyperkeratotic  layers  thicker  than  50  microns 
containing  irregular,  condensed  (pyknotic)  nuclei  that  would  introduce  significant 
variation  into  the  data  set  without  correlation  to  dysplasia.  Figure  4.5  shows  a  scatter  plot 
of  the  nuclear  to  cytoplasmic  ratio  versus  average  nuclear  area  for  a  set  of  images 
selected  for  being  from  the  maximum  depth  below  the  tissue  surface  at  which  nuclei  were 
clearly  and  fully  resolvable  for  a  particular  depth  of  focus  stack.  This  set  included 
images  from  a  wide  range  of  depths,  from  30  microns  for  a  highly  scattering,  well 
differentiated  SCC  down  to  200  microns  from  a  hyperkeratotic,  hyperplastic  biopsy. 
With  this  criterion,  the  data  set  should  include  a  large  number  of  images  from  close  to  the 
epithelial  stromal  boundary  and  does  in  fact  allow  a  slight  differentiation  between  normal 
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and  dysplastic  images  as  a  function  of  increasing  nuclear  to  cytoplasmic  ratio  and 
average  nuclear  area.  This  pattern  continues  when  morphologic  variation  due  to  site  is 
eliminated  by  limiting  the  data  to  just  one  region  such  as  the  tongue  (chosen  for  having 
the  most  samples)  as  shown  in  Figure  4.6. 
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Figure  4.4.  Scatter  plot  of  nuclear  to  cytoplasmic  ratio  versus  average  nuclear  area  for 
images  at  50  microns  below  the  tissue  surface.  Images  are  classified  as  normal, 
dysplastic,  or  from  SCCs  based  on  histology. 
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Figure  4.5.  Scatter  plot  of  nuclear  to  cytoplasmic  ratio  versus  average  nuclear  area  for 


images  that  are  likely  from  the  basal  layer  (at  the  maximum  depth  below  the  tissue 
surface  at  which  nuclei  are  clearly  and  fully  resolvable  for  a  particular  depth  of  focus 
stack).  Images  are  classified  as  normal,  dysplastic,  or  from  SCCs.  At  these  depths,  a 
slight  differentiation  between  normal  and  dysplastic  images  as  a  function  of  both  nuclear 
to  cytoplasmic  ration  and  average  nuclear  area  can  be  seen. 
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Figure  4.6.  Scatter  plot  of  nuclear  to  cytoplasmic  ratio  versus  average  nuclear  area  for 


images  from  the  tongue  that  are  likely  from  the  basal  layer  (at  the  maximum  depth  below 
the  tissue  surface  at  which  nuclei  are  clearly  and  frilly  resolvable  for  a  particular  depth  of 
focus  stack).  Images  are  classified  as  normal,  dysplastic,  or  from  SCCs  (with  no  samples 
in  this  set).  The  differentiation  between  normal  and  dysplastic  samples  is  still  very 
limited  when  morphologic  variations  due  to  site  are  removed. 
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4. 3. 3  Image  Review 

Figure  4.7  show  the  results  of  the  image  review  by  17  pathologists  and  pathology 
fellow  from  the  Department  of  Pathology  at  the  University  of  Texas  M.  D.  Anderson 
Cancer  Center.  This  group  achieved  a  mean  sensitivity  of  73%  ±  1 1%,  with  a  minimum 
and  maximum  value  of  56%  and  91%,  respectively.  The  group’s  specificity  was  much 
lower  with  a  mean  value  of  36%  ±  15%  and  a  minimum  and  maximum  value  of  6%  and 
61%,  respectively.  Since  both  values  were  much  lower  than  achieved  with  untrained 
reviewers  in  the  cervix  [107],  we  examined  the  percentage  of  reviewers  whose  diagnosis 
matched  the  histopathologic  diagnosis  for  each  sample.  This  analysis  showed  that  more 
of  the  trained  reviewers  correctly  diagnosed  mild  dysplasias  and  SCCs  (78%  for  both) 
than  for  moderate  dysplasia  (51%).  When  we  examined  the  diagnostically  normal 
samples  (hyperkeratotic  and/or  hyperplastic),  we  found  that  the  trained  reviewers  had 
difficulty  diagnosing  severe  hyperkeratotic  cases,  probably  due  to  pleomorphic  nuclei 
often  found  in  hyperkeratotic  layers  (Figure  4.9A,  arrow),  and  samples  from  one  biopsy 
with  a  striated  tissue  architecture  (Figure  4.9C).  We  also  found  that  the  trained  reviewers 
had  significant  difficulty  diagnosing  three  other  biopsies.  Examination  of  the  histology 
for  these  biopsies  found  that  each  biopsy  had  been  cut  at  an  extreme  tangential  angle  that 
made  it  difficult  for  the  pathologist  to  give  an  accurate  diagnosis  and  also  prevented 
additional  sections  from  being  cut  from  the  specimen.  When  we  examined  confocal 
images  from  these  biopsies,  we  did  discover  pleomorphic  nuclei  such  as  the  one  in  Figure 
4.9B  (arrow)  that  led  us  to  believe  the  tangential  cuts  for  these  three  cases  masked 
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dysplasia.  The  mean  percentage  of  reviewers  making  the  correct  diagnosis  for  remaining 
hyperkeratotic  samples  remained  low  though  at  45%  ±  23%. 


A  B 

Figure  4.7.  (A)  Scatter  plot  of  the  sensitivity  and  specificity  of  the  diagnoses  made  by  the 

trained  reviewers.  (B)  Mean  sensitivity  and  specificity  of  trained  reviewers  was  73%  ± 
11%  and  36%  ±  15%,  respectively. 
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Figure  4.8.  (A)  A  breakdown  of  the  percentage  of  trained  reviewers  making  the  correct 


diagnosis  for  abnormal  samples  identifies  that  the  trained  reviewers  had  difficulty 
diagnosing  moderate  dysplasia,  but  were  much  better  at  diagnosing  mild  dysplasia  and 
SCC.  (B)  A  breakdown  of  the  percentage  of  trained  reviewers  making  the  correct 
diagnosis  for  normal  samples  shows  that  the  trained  reviewers  made  incorrect  diagnoses 
more  than  50%  of  the  time  but  does  identify  that  1)  the  trained  reviewers  had  extra 


difficulty  diagnosing  severe  hyperkeratotic  cases  and  one  biopsy  with  a  striated  tissue 


architecture  and  2)  three  histopathologic  diagnoses  for  tangentially  cut  biopsies  may  be 


incorrect. 
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Figure  4.9.  Examples  of  confocal  images  from  diagnostically  normal  biopsies  that 
trained  reviewers  consistently  classified  as  abnormal.  (A)  Confocal  image  from  90 
microns  below  the  surface  of  a  severely  hyperkeratotic  biopsy  from  the  lateral  surface  of 
a  tongue  with  pleomorphic  nuclei  (arrow).  (B)  Confocal  image  from  100  microns  below 
the  surface  of  a  tangentially  cut  buccal  mucosa  biopsy  with  pleomorphic  nuclei  (arrow). 
(C)  Confocal  image  from  25  microns  below  the  surface  of  a  hyperkeratotic  and 
hyperplastic  biopsy  from  the  lateral  surface  of  a  tongue  with  a  striated  tissue  architecture 
that  was  repeated  at  multiple  depths. 


f 

Figure  4. 1 0  describes  the  results  of  the  image  review  by  1 0  engineering  graduate 
students  and  one  faculty  member  from  the  Optical  Spectroscopy  and  Imaging  Lab  at  the 
University  of  Texas  at  Austin.  This  group  achieved  a  mean  sensitivity  of  63%  ±  18%, 
with  a  minimum  and  maximum  value  of  27%  and  91%,  respectively.  The  group’s 
specificity  was  very  similar  with  a  mean  value  of  61%  ±  15%  and  a  minimum  and 
maximum  value  of  30%  and  81%,  respectively.  When  we  examined  the  percentage  of 
reviewers  whose  diagnosis  matched  the  histopathologic  diagnosis  for  each  sample,  we 
found  that  the  untrained  reviewers  did  not  diagnose  mild  dysplasia  and  SCC  correctly 
(61%  and  70%,  respectively)  as  often  as  the  trained  reviewers  and  also  did  worse  at 
diagnosing  moderate  dysplasia  (33%).  When  we  examined  the  samples  that  were 
diagnosed  as  normal  (hyperkeratotic  and/or  hyperplastic),  we  found  that  the  untrained 
reviewers  diagnosed  correctly  the  severe  hyperkeratotic  cases  as  often  as  mild  and 
moderate  hyperkeratosis,  but  did  consistently  misdiagnose  the  biopsy  with  a  striated 
tissue  architecture  (27%).  Finally,  the  three  tangentially  cut  biopsies  that  were 
consistently  misdiagnosed  by  the  trained  reviewers  were  not  misdiagnosed  by  the 
untrained  reviewers  as  often. 
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Figure  4.10.  (A)  Scatter  plot  of  the  sensitivity  and  specificity  of  the  diagnoses  made  by 


the  untrained  reviewers.  (B)  Mean  sensitivity  and  specificity  of  untrained  reviewers  was 
63%  ±18%  and  61%  ±  15%,  respectively. 
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Figure  4.11.  (A)  A  breakdown  of  the  percentage  of  untrained  reviewers  making  the 
correct  diagnosis  for  abnormal  samples  identifies  that  the  untrained  reviewers  also  had 
difficulty  diagnosing  moderate  dysplasia  and  that  they  did  not  do  as  well  as  the  trained 
reviewers  in  identifying  mild  dysplasia  and  SCC.  (B)  A  breakdown  of  the  percentage  of 
untrained  reviewers  making  the  correct  diagnosis  for  normal  samples  shows  that  they 
diagnosed  severe  hyperkeratosis  correctly  as  often  as  mild  to  moderate  hyperkeratosis, 
but  did  misdiagnose  the  biopsy  with  striated  tissue  architecture.  More  of  the  diagnoses 
from  the  untrained  reviewers  for  the  three  tangentially  cut  biopsies  matched  the 
histopathologic  diagnosis. 


4.4  DISCUSSION 

The  confocal  images  presented  here  illustrate  the  ability  of  reflectance  confocal 
microscopy  to  image  oral  mucosa  with  resolution  comparable  to  histologic  evaluation 
without  tissue  preparation  and  staining.  In  normal  tissue,  depth-related  changes  in  cell 
diameter  and  nuclear  density  were  observed  at  multiple  anatomic  sites  within  the  oral 
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cavity.  We  were  able  to  image  through  the  superficial,  hyperkeratotic  layer  into  the 
intermediate  and  basal  layers  which  most  often  contain  the  morphologic  changes 
associated  with  dysplasia.  In  SCCs,  densely  packed,  pleomorphic  tumor  nuclei  were 
visualized  with  areas  of  stroma  with  inflammation  once  again  dark  in  confocal  images  of 
the  oral  cavity  [138]. 

Our  results  show  that  morphologic  statistics  such  as  nuclear  to  cytoplasmic  ratio 
and  average  nuclear  area  do  allow  slight  diagnostic  differentiation  in  oral  cavity 
epithelium.  Two  of  the  three  cases  of  SCC  in  the  analysis  had  greater  nuclear  to 
cytoplasmic  ratios  for  their  average  nuclear  area  than  the  rest  of  the  sample  set  while  mild 
and  moderate  dysplastic  epithelium  had  slightly  smaller  nuclear  to  cytoplasmic  ratio  for 
their  average  nuclear  area  than  normal  samples.  A  similar  study  in  the  cervix  [107]  found 
that  the  sole  use  of  nuclear  to  cytoplasmic  ratio  allowed  clear  differentiation  between 
normal  and  low  grade  dysplasia  and  high  grade  dysplasia,  but  our  study  shows  a  more 
complex  relationship  between  nuclear  to  cytoplasmic  ratio  and  average  nuclear  area  in 
the  oral  cavity.  The  small  number  of  samples  of  moderate  (four  with  two  having  focal 
moderate  dysplasia)  and  severe  (only  one  focal  example)  dysplasia  in  our  study  also 
makes  the  differentiation  between  dysplasia  and  normal  difficult. 

The  results  of  our  image  reviews  emphasize  the  challenge  of  detecting  dysplasia 
in  the  oral  cavity.  Feedback  from  our  trained  reviewers  referred  to  the  difficulty  in 
determining  where  the  epithelial  stromal  layer  was  in  our  samples,  a  key  feature  required 
for  diagnosing  mild  dysplasia.  We  believe  that  the  high  number  of  pathologists  who 
correctly  diagnosed  mild  dysplasia  and  incorrectly  diagnosed  hyperkeratotic  samples  in 
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our  trained  image  review  stemmed  from  this  discomfort,  with  the  pathologists’ 
overdiagnosing  to  prevent  false  negative  reports.  The  low  number  of  pathologists 
correctly  diagnosing  the  cases  of  severe  hyperkeratosis  in  concert  with  the  indeterminate 
results  of  our  morphologic  analysis  at  50  microns  below  the  surface  (Figure  4.4)  pinpoint 
the  strong  possibility  of  mistaking  the  irregular,  condensed  nuclei  often  found  in  the 
hyperkeratotic  layer  for  dysplasia,  further  emphasizing  the  need  for  awareness  of  where 
the  image  plane  is  in  the  epithelium.  We  feel  that  a  more  extensive  training  set  must  be 
developed  with  representative  samples  of  severe  hyperkeratosis,  mild  dysplasia  versus 
basal  cells,  and  squamous  cell  carcinoma. 

The  clinical  example  in  Figure  4.3  does  illustrate  the  potential  of  this  technology 
in  the  clinical  setting.  A  clinician  could  use  a  confocal  endoscope  to  examine  the 
abnormal  area  and  upon  seeing  the  tumor  cells  (arrow)  and  stroma  with  inflammation 
(double  arrows)  found  in  Figure  4.3D,  would  strongly  suspect  the  presence  of  SCC  and 
act  accordingly.  Even  more  importantly,  the  clinician  could  use  the  confocal  endoscope 
to  scan  the  clinically  normal  tissue  surrounding  the  abnormal  area  to  help  determine  the 
extent  of  margins  needed  to  extract  all  of  the  SCC. 

4.5  Conclusion 

In  this  study,  we  have  shown  the  ability  of  reflectance  confocal  microscopy  to 
visualize,  at  the  subcellular  level,  features  of  both  normal  and  neoplastic  oral  mucosa 
throughout  the  oral  cavity.  We  found  that  a  combination  of  nuclear  to  cytoplasmic  ratio 
and  average  nuclear  area  allowed  slight  differentiation  between  normal  and  dysplastic 
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epithelium,  but  more  cases  of  moderate  to  severe  dysplasia  are  needed  before  a  definitive 
answer  can  be  reached.  Reviews  of  confocal  images  by  both  trained  pathologists  and 
untrained  engineers  emphasized  the  need  for  situational  awareness  of  the  region  of  the 
epithelium  occupied  by  the  image  plane  and  for  specific  and  extensive  training  in  the 
many  variations  possible  in  the  oral  cavity. 
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CHAPTER  5 


Design,  Construction,  and  Characterization  of  an  Optical  Coherence 

Microscope 


5.1  Introduction 

Penetration  depth  is  often  a  significant  limitation  in  optical  imaging,  but  it  is 
apparent  from  the  last  two  chapters  that  the  oral  cavity  has  additional  features  that  further 
retard  the  ability  of  a  confocal  microscope  to  image  deeply  into  the  epithelium.  The 
presence  of  large  amounts  of  keratin  in  the  superficial  part  of  hyperkeratotic  layers 
increases  specular  reflection  at  the  tissue  surface,  reducing  the  amount  of  illumination 
light  that  actually  travels  into  the  tissue.  Irregular  and  condensed  nuclei  found  in  the 
dead  cells  of  this  hyperkeratotic  layer  can  mislead  attempts  at  diagnosing  dysplasia  if 
imaging  does  not  reach  the  intermediate  and  basal  layers  underneath.  In  view  of  these 
challenges,  the  OCM  with  its  increased  sensitivity  and  enhanced  penetration  depth 
capability  seems  well  suited  for  imaging  in  the  oral  cavity. 

This  chapter  details  the  design  and  characterization  of  an  OCM  with  the 
subcellular  resolution  needed  to  visualize  oral  mucosa  and  the  morphologic  changes 
associated  with  dysplasia  in  this  site.  System  design  requirements  were  derived  from  the 
system  overall  purpose  and  the  target  tissue  that  it  would  be  imaging.  A  description  of 
the  system’s  design  with  details  of  the  final  configuration  of  the  system  is  described 
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before  the  system’s  performance  is  measured  in  terms  of  resolution  and  penetration 
depth. 


5.2  System  Design  Requirements 

The  first  step  in  building  any  system  is  gaining  an  understanding  of  its 
requirements.  For  this  instrument,  most  of  its  performance  requirements  were  directly 
related  to  the  anatomy  and  pathology  of  the  oral  cavity  while  other  requirements  were 
derived  from  these  overall  performance  requirements.  The  top-level  requirements  are 
summarized  in  Table  5.1  and  discussed  below. 

Resolution  and  penetration  depth  requirements  came  from  the  structure  of  both 
normal  and  abnormal  oral  mucosa.  In  order  to  detect  premalignant  lesions,  the  system 
had  to  visualize  the  morphological  changes  to  tissue,  cells,  and  nuclei  that  identify 
neoplasms.  The  most  stringent  requirement  was  that  the  system  be  able  to  resolve 
individual  nuclei,  showing  their  size  and  shape,  which  implied  a  lateral  resolution 
requirement  of  2  -  3  microns  or  better.  To  prevent  blurring,  only  data  from  a  single  layer 
of  cells  was  desired,  implying  an  axial  resolution  of  at  least  6-8  microns.  In  an  OCM 
system,  the  source  and  the  objective  NA  were  primarily  responsible  for  meeting  these 
parameters.  Another  requirement  determined  by  cell  size  was  the  field  of  view  that  had 
to  be  covered  by  each  image.  With  maximum  cell  diameters  of  around  25  microns, 
images  needed  to  be  250  x  250  microns  to  guarantee  capturing  100  cells.  In  order  to  see 
100  cells,  this  requirement  became  2.5  x  2.5  mm.  This  requirement  helped  determine 
how  many  pixels  were  needed  for  each  image  to  capture  the  required  information. 
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Description 

Requirement 

Lateral  Resolution: 

Ar  =  2  -  3  microns 

Axial  Resolution: 

Az  =  6  -  8  microns 

Field  of  View: 

250  -  2500  microns  x  250  -  2500  microns 

Penetration  Depth: 

300-500  microns 

Safe  Irradiance  Levels,  Fast  Image  Acquisition  Time,  Low  Cost 

Table  5.1.  Top-level  system  requirements. 

Since  neoplasms  can  occur  anywhere  within  the  oral  mucosa,  tissue  thickness  was 

the  primary  driver  behind  our  penetration  depth  requirement.  Meyer  recorded  average 

tissue  depths  of  300  -  500  microns  [139],  which  meant  that  the  system  had  to  be  able  to 

penetrate  at  least  0.5  mm.  This  requirement  was  the  driving  reason  behind  using  an 

OCM  configuration  (versus  confocal)  and  levied  multiple  derived  requirements  on 

system  components.  First  of  all,  if  we  assumed  that  noise  (instead  of  background)  is  the 

primary  limiting  factor  on  penetration  depth,  the  system  had  to  be  designed  to  have 

enough  power  and  small  enough  bandwidth  to  provide  a  high  enough  SNR  at  0.5  mm  for 

imaging.  Also,  the  objective  had  to  have  a  suitable  working  distance  (the  distance 

between  the  objective's  front  lens  and  the  top  of  the  cover  glass  (or  the  sample  itself  if  the 

objective  is  not  corrected  for  a  cover  glass)  when  the  sample  is  in  focus  [140]).  The 

objective  therefore  had  to  have  a  working  distance  long  enough  to  deliver  the  focus  spot 

to  the  bottom  of  the  tissue.  Finally,  the  source  had  to  use  wavelengths  that  were  not 

readily  absorbed  in  tissue.  This  could  be  done  by  using  a  wavelength  in  the  near  infrared 
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(NIR)  region  of  700  -  1 100  nm  where  losses  due  to  absorption  were  small  compared  to 
those  from  scattering  and  could  thus  be  considered  negligible  [141]. 

5.3  System  design  and  Final  Configuration 

System  design  and  construction  of  the  OCM  was  split  into  four  areas:  1)  the 
selection  of  a  source  and  objective  to  provide  high-level  satisfaction  of  resolution  and 
penetration  depth  requirements;  2)  design  and  construction  of  the  reference  arm  to  allow 
heterodyne  detection  and  depth  scanning;  3)  design  and  construction  of  the  sample  arm  to 
fully  satisfy  resolution  requirements;  and  4)  final  integration  with  control  software  and 
data  acquisition  hardware  to  direct  the  system  and  process  images.  The  following 
sections  will  discuss  each  function  in  detail,  describing  design  choices  made  for  the  OCM 
shown  in  Figure  5.1. 

Piezo- 


Figure  5.1.  OCM  block  diagram. 


78 


5. 3. 1  Choosing  a  source  and  objective 

The  source  and  objective  were  the  two  most  important  pieces  of  equipment  in  the 
OCM.  They  were  the  primary  drivers  of  the  resolution  and  depth  penetration  achieved  by 
the  final  instrument  and  were  therefore  selected  first.  A  broadband  source  at  an 
appropriate  wavelength  and  with  enough  power  was  chosen  to  allow  penetration  of  the 
focus  spot  into  tissue.  Based  on  the  source’s  wavelength,  an  objective  was  chosen  to 
provide  the  desired  lateral  resolution  while  minimizing  power  loss. 

The  first  step  was  to  select  a  source.  An  855  nm  SLD  with  a  25  nm  FWHM 
bandwidth  and  2.5  mW  of  output  power  (Superlum  Diodes,  Ltd.,  SLD  38)  was  readily 
available  within  the  laboratory,  but  a  survey  of  commercially  available  sources  was  still 
performed.  Wanting  to  maximize  penetration  depth  made  a  source  with  comparable 
bandwidth,  emission  in  the  NIR  region,  portable  packaging,  and  more  power  (to  provide 
increased  sensitivity)  desirable.  The  first  step  in  the  survey  examined  technologies  other 
than  SLDs  for  providing  broadband  NIR  light.  The  top  performing  OCT  systems  in 
terms  of  resolution  and  penetration  depth  use  specialized  lasers  such  as  a  mode-locked 
Ti:A1203  laser  [92]  or  a  mode-locked  Cr4+:forsterite  laser  [142],  but  these  systems  were 
too  bulky  and  expensive  for  clinical  applications  [91].  Another  option  was  the 
superfluorescent  optical  sources  developed  for  telecommunications  optical  amplification 
[91],  but  these  sources  suffered  from  non-uniform  gain  and  were  also  bulky.  A  more 
affordable  option  was  to  use  an  edge-emitting  LED  but  these  sources  could  only  provide 
power  in  the  microwatt  range  [91].  Since  none  of  these  technologies  met  the  source 
requirements  for  this  system,  the  survey  was  limited  to  SLDs. 
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Alternate  SLDs  were  commercially  available,  especially  if  the  range  of  allowable 
wavelengths  was  expanded  to  include  the  1300  nm  region  increasingly  used  by  the 
telecommunications  industry.  Moving  to  this  wavelength  would  increase  penetration 
depth  because  attenuation  due  to  Rayleigh  scattering  would  decrease  [88].  The  best 
candidate  at  this  wavelength  was  a  1310  nm,  35-45  nm  bandwidth  SLD  with  5.5  mW  of 
output  power  built  by  B&WTek,  Inc  (Model  BWC-SLD).  This  source  was  not  chosen, 
because,  we  felt  that,  at  least  initially,  comparisons  with  confocal  images  taken  with  an 
810  nm  source  were  needed  to  show  the  improved  penetration  depth  of  the  OCM  and 
using  a  source  at  a  similar  wavelength  would  make  these  comparisons  more  realistic.  An 
excellent  candidate  in  the  800  nm  range  was  a  high  power  version  of  the  SLD  38  with 
output  power  of  up  to  20  mW.  At  this  point  though,  a  9  dB  increase  in  sensitivity  did  not 
seem  worth  the  investment  needed  to  buy  a  new  source,  so  the  system  was  built  with  the 
available  2.5  mW  SLD. 

i 

Once  the  source  was  selected,  an  objective  was  chosen  based  on  the  NA  needed  to 
provide  the  specified  resolution.  The  actual  lateral  resolution  was  determined  by  the 
sample  arm’s  optical  design  and  was  therefore  very  dependent  on  the  chosen  scanning 
system  (discussed  later  in  this  chapter),  but  a  rough  estimate  was  made  at  this  point.  To 
get  a  lateral  resolution  of  2  microns,  (2.5)  implies  that  only  a  NA  of  0.18  was  required. 
Since  errors  within  the  optics  and  finite  pinholes  degrade  this  resolution  and  increased 
lateral  resolution  was  preferred,  a  high  NA  objective  seemed  much  better.  Other 
requirements  that  the  objective  had  to  satisfy  were  having  high  quality  lenses  to  limit 
spherical  aberrations,  a  long  enough  working  distance  to  cover  the  maximum  penetration 
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depth  (>  0.5  mm),  high  transmission  in  the  NIR  region  to  cut  down  on  power  loss  in  the 
sample  arm,  and  optimization  for  water  immersion  to  cut  down  on  the  spherical 
aberrations  and  specular  reflection  caused  by  index  mismatch  between  the  objective  and 
sample.  With  all  of  these  requirements  in  mind,  a  40x,  0.8  NA  Olympus  water- 
immersion  objective  was  chosen.  The  objective  was  specifically  corrected  for  visible  to 
NIR  wavelengths,  transmitting  75%  at  855  nm,  and  had  a  long  working  distance  of  3.3 
mm. 

5.3.2  Reference  arm  design 

Modulation  of  the  reference  signal  was  integral  to  providing  shot  noise  limited 
sensitivity.  In  OCT  systems,  this  modulation  is  typically  produced  by  moving  the 
reference  arm  quickly  to  cause  a  Doppler  shift  in  the  signal.  This  process  can  be  a 
significant  bottleneck  in  increasing  OCT  image  acquisition  rates,  because  the  arm  also 
has  to  traverse  the  entire  tissue  depth  being  scanned,  requiring  a  scan  range  on  the  order 
of  millimeters  [143].  In  OCM,  this  requirement  changes  because  the  images  are  acquired 
en  face  to  the  surface  of  the  sample  so  the  reference  arm  only  needs  to  modulate  around 
the  focal  plane.  In  fact,  if  the  amount  of  movement  is  kept  below  the  system’s  axial 
resolution,  image  blurring  is  prevented  [144].  The  OCM’s  reference  arm  therefore 
needed  a  method  that  would  provide  high  frequency,  small  amplitude  path  length 
modulation  of  its  signal. 

Many  different  modulation  techniques  have  been  used  in  OCMs.  The  original 

OCM  used  a  PZT  stack  to  provide  modulation  at  1.64  kHz  [59]  which  was  too  slow  for 

our  purposes.  Hoeling  used  a  similar  technique  in  her  OCM  except  her  piezoelectric 
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actuator  was  driven  at  a  resonant  frequency  of  122  kHz  [144,  145].  Problems  with 
thermal  drift  of  optical  path  lengths  between  the  reference  and  sample  fibers  leading  to 
slow  phase  drifts  in  the  output  were  reported  with  both  systems,  requiring  dual  harmonic 
detection.  Another  OCM  developed  in  Izatt’s  lab  used  a  40  MHz  acousto-optic 
modulator  to  provide  an  80  MHz  signal  (after  double  passing),  but  required  very  high 
frequency  heterodyne  detection  and  a  high  power  source  to  achieve  desired  sensitivities 
[103].  Another  technique  wrapped  the  optical  fiber  around  a  piezocylinder,  providing 
modulation  by  stretching  and  relaxing  the  fiber  [54].  The  primary  disadvantages  with 
this  technique  were  the  long  lengths  of  fiber  needed  to  get  significant  changes  in  path 
length,  polarization  changes  and  stress  birefringence  problems  [145].  Another  technique 
was  to  coat  the  fiber  with  a  piezoelectric  film  that  squeezed  it,  increasing  its  length  [146]. 
This  technique  provided  modulation  from  7  kHz  to  6  MHz,  but  required  very  high 
voltages  to  produce  even  small  movements  [145]. 

Of  the  techniques  described  above,  the  one  that  provided  a  relatively  fast  image 
acquisition  rate  without  significant  investment  in  money  was  the  125  kHz  piezoelectric 
actuator  used  in  Hoeling’s  OCM.  Her  system  formed  three-dimensional  images  of  106 
volume  elements  (voxels)  in  5  minutes,  implying  a  point  scan  rate  of  3.33  kHz.  She  used 
a  piezoelectric  stack  (Thorlabs  Inc.,  AE0203D04),  driven  at  122  kHz,  to  vibrate  a  mirror 
400  nm,  or  nearly  one  fringe  at  the  OCM’s  output.  This  technique  did  not  have  problems 
with  the  long  lengths  of  cable,  high  power,  and  polarization  and  birefringence  effects 
seen  by  the  others  mentioned  above.  Also  with  this  modulation  technique,  phase  drift  in 
the  fibers  could  be  eliminated  by  setting  the  modulation  amplitude  at  0.427,  so  that  the 


82 


sum  of  powers  in  the  output  signal  at  the  first  two  harmonics  of  the  modulation  frequency 
was  insensitive  to  the  drift  [145].  We  originally  planned  to  use  the  same  modulation 
frequency  and  amplitude  used  by  Hoeling,  but  a  factor  in  the  confocal  arm  design 
(described  in  the  next  section)  forced  us  to  move  the  modulation  frequency  to  a  much 
higher  resonant  frequency  at  376.65  kHz.  At  this  higher  frequency,  the  displacement  of 
the  mounted  piezo  per  volt  was  too  low  to  balance  the  two  harmonics  without  damage  to 
the  piezo  because  of  the  decrease  in  piezo  impedance  associated  with  the  higher 
frequency  and  relaxation  characteristics  of  the  piezo  itself.  We  found  that  driving  the 
piezo  at  amplitudes  greater  than  7.5  Vp.p  provided  only  minimal  increase  in  displacement 
so  we  selected  this  modulation  amplitude  to  minimize  the  risk  of  burning  out  the  piezo 
during  imaging,  providing  a  peak-to-peak  displacement  of  315nm  and  65%  reduction  in 
phase  variations. 

Other  than  modulation,  the  only  other  function  that  the  reference  arm  had  to 
perform  was  scan  depth  matching.  The  coherence  gate  provided  by  the  source  meant  that 
if  path  lengths  between  the  sample  and  reference  arm  were  mismatched  by  more  than  13 
microns,  an  interference  signal  would  not  occur.  Also,  the  OCM  had  to  adjust  both  the 
sample  and  reference  arms  in  order  to  image  at  different  depths  because  of  the  use  of  high 
NA  objectives.  To  complicate  matters,  the  sample  arm’s  focus  would  be  in  tissue  while 
the  reference  arm’s  light  would  be  totally  in  air,  making  the  optical  paths  to  a  specific 
depth  different.  Therefore,  each  time  the  sample  arm’s  focus  moved,  the  reference  arm 
had  to  be  adjusted  so  that: 

(^o/r  )  ^ ref  —  tissue  )  ^ sample  (  ^  •  1  ) 
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(within  the  coherence  gate).  This  meant  that  depth  translation  had  to  be  performed  in 
concert  and  with  high  precision  and  accuracy.  While  manual  micrometers  could  work  in 
a  laboratory  situation,  the  length  of  time  needed  to  adjust  for  each  new  image  would  be 
prohibitive  for  use  in  the  clinic.  As  a  result,  both  arms  included  motorized  translation 
stages  (Newport,  Inc.,  ILS  Series)  with  on-axis  accuracy  of  5  pm  over  100  mm  and  an 
interface  to  control  them  through  a  computer.  Also,  an  algorithm  was  needed  to 
synchronize  the  pathlengths.  Schmitt  solved  this  problem  by  assuming  that  nair  =  1  and 
n tiSSUe  =1.4  and  automatically  moving  the  reference  arm  twice  as  far  as  the  sample  arm 
[102].  We  originally  thought  that  this  technique  would  not  be  sufficient  for  imaging 
tissue  because  of  variability  in  index  of  refraction  due  to  tissue  differences  and  depth,  but 
found  that  this  simple  algorithm  gave  a  good  match  in  pathlengths  until  the  focal  plane 
reached  greater  than  250  microns  below  the  tissue  surface  at  which  point,  minor 
adjustments  to  a  manual  micrometer  included  in  the  reference  arm  corrected 
misalignments.  We  therefore  included  a  setting  in  the  control  software  that  allowed  user 
choice  of  air  or  tissue  as  the  sample  which  then  caused  the  reference  arm  to  be  moved 
either  an  equal  distance  or  twice  as  far  as  the  sample  arm. 

5.3.3  Sample  arm  design 

The  sample  arm  was  designed  to  perform  three  functions:  1)  provide  the  needed 
lateral  resolution;  2)  scan  the  focus  point  in  the  x-y  direction  to  form  an  image;  and  3) 
change  the  scan  depth  in  concert  with  the  reference  arm.  Changing  the  scan  depth  was 
discussed  in  the  paragraph  above,  so  this  section  will  concentrate  on  the  optical  design 

needed  to  build  individual  images.  The  first  step  was  to  choose  a  scanning  system  with 
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the  necessary  small-scale  resolution  needed  to  support  our  lateral  resolution  requirement 
and  the  ability  to  scan  at  the  rates  needed  for  our  desired  image  acquisition  rate.  Then, 
the  optics  needed  to  illuminate  the  spot  on  the  focal  plane  and  return  the  reflected  signal 
to  the  detector  had  to  be  designed  to  fit  our  lateral  resolution  requirement  for  a  multiple 
lens  system  with  a  finite-sized,  optical  fiber  based  confocal  pinhole. 

The  primary  function  of  the  sample  arm  in  an  OCM  is  to  scan  a  focused  laser  spot 
through  the  sample  in  a  defined  pattern  that  provides  adequate  coverage  to  satisfy  both 
resolution  and  field  of  view  requirements.  A  scanning  system  was  therefore  needed  to 
deflect  the  laser  beam  through  a  range  of  angles  in  a  plane  perpendicular  to  the  optical 
axis.  There  are  two  general  techniques  for  performing  this  deflection.  The  beam  can  be 
moved  by  diffraction  with  an  acousto-optic  cell,  but  this  option  is  not  used  often  due  to 
the  complicated  optics  required  [147].  The  other  method  uses  mirrors  rotated  through  a 
range  of  angles  to  deflect  the  beam.  For  two-dimensional  imaging,  two  mirrors  are 
needed  to  implement  raster  scanning,  where  one  mirror  rotates  quickly  through  a 
complete  line  scan  in  the  time  needed  for  the  slower  mirror  to  move  to  the  next  line.  The 
system  used  to  drive  these  mirrors  is  directly  tied  to  the  image  acquisition  rate  and  the 
speed  needed  for  each  scan. 

Faster  image  acquisition  rates  in  imaging  systems  are  always  more  desirable  since 
they  allow  the  user  to  view  more  of  the  sample  quickly  without  causing  blurring  in  the 
image.  We  therefore  calculated  the  fastest  imaging  speed  allowable  within  the 
constraints  of  the  modulation  technique  employed  by  the  reference  arm.  Using  Nyquist’s 
criterion  in  concert  with  the  width  of  individual  fringes  in  the  interferometric  signal,  we 
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estimated  that  a  three  second  image  acquisition  rate  would  allow  modulation  at  122  kHz 
and  2  microns  lateral  resolution  over  a  256  microns  x  256  microns  field  of  view.  This 
image  acquisition  rate  required  the  slow  mirror  to  scan  at  0.33  Hz  while  the  faster  arm 
scanned  at  85  Hz.  After  a  survey  of  the  available  scanning  systems,  we  choose  an 
integrated  raster-scanning  system  provided  by  the  Electro-Optical  Products  Corporation 
that  locked  a  low  cost  resonant  optical  scanner  with  a  galvanometer  in  a  master/slave 
mode  and  provided  the  actuators,  mirrors,  and  control  box  in  a  single  package. 

Once  the  scanning  system  was  chosen,  the  optics  needed  to  deliver  light  from  the 
optical  fiber  to  the  objective  and  back  had  to  be  designed.  For  the  scanning  system  to 
work  properly,  the  optics  1)  had  to  image  the  sample  focus  spot  onto  the  fiber;  2)  image 
the  objective  aperture  onto  the  scan  mirrors;  3)  control  the  beamwidth  to  prevent 
vignetting  (with  associated  power  loss)  by  lenses  and  mirrors  in  the  optical  path  while 
completely  filling  the  back  focal  plane  of  the  objective;  and  4)  meet  the  lateral  resolution 
requirement  while  minimizing  power  losses  from  specular  reflection  off  optical 
component  surfaces.  The  easiest  way  to  do  this  is  with  two  Keplerian  telescopes  (two 
lenses  separated  by  the  sum  of  their  focal  lengths)  between  each  scan  mirror,  so  the 
mirrors  always  deflect  collimated  light.  This  technique  places  the  image  planes  at  the 
focal  points  of  each  lens  and  allows  simple  alignment  of  the  scan  mirrors.  The  scan 
mirrors  and  the  objective’s  back  aperture  must  be  placed  in  conjugate  “zero-deflection” 
planes  so  that  the  back  aperture  will  always  be  fully  illuminated  and  a  change  in  mirror 
angle  translates  to  linear  motion  of  the  sample  spot  [148].  This  is  easily  performed  in  the 
arrangement  shown  in  Figure  5.2  by  placing  the  optics  such  that: 
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where  fa  and  fb  are  focal  lengths  and  sQ  and  s,  are  object  and  image  distances  to  the  lenses. 
An  additional  mirror  was  also  added  to  the  system  to  deflect  the  light  down  onto  the  z- 
axis  for  easier  placement  of  samples.  Individual  lenses  were  selected  so  that  their  focal 
lengths  supported  the  field  of  view  requirement,  their  diameters  could  focus  the  beam 
during  scanning,  and  their  anti-reflection  coatings  limited  power  losses  within  the  sample 
arm. 
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Figure  5.2.  Sample  arm  optics. 


After  construction  of  the  sample  arm,  we  discovered  that  we  had  forgotten  to 
incorporate  the  image  bandwidth  into  our  calculations  for  determining  our  image 
acquisition  rate.  The  deflection  angle  of  the  fast  scan  mirror  required  to  move  the  focus 
through  250  microns  in  the  sample  combined  with  an  85  Hz  scan  rate  resulted  in  an 
image  bandwidth  of  over  125  kHz.  Dual  harmonic  detection  requires  that  the  modulation 
frequency  be  greater  than  twice  the  image  bandwidth  to  prevent  overlapping  of  the 

harmonics  (since  the  image  bandwidth  appears  on  both  sides  of  the  carrier)  [101].  At  this 
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point,  we  moved  our  modulation  frequency  from  122  kHz  to  376.65  kHz  to  incorporate 
this  image  bandwidth. 

The  final  sample  arm  configuration  acquired  images  of  230  pixels  by  230  pixels 
and  a  field  of  view  adjustable  from  150  -  250  microns  by  controlling  the  deflection  of  the 
scan  mirrors. 

5. 3. 4  Computer  and  electrical  design 

The  final  step  in  building  the  OCM  was  to  design  the  detection  electronics 
required  to  demodulate  the  signal  from  the  detector  as  well  as  perform  an  electrical 
interfacing  design  between  the  computer  and  the  rest  of  the  system.  These  interfaces  are 
shown  in  Figure  5.3.  A  125MHz,  low  noise  photoreceiver  (New  Focus,  1801-FC) 
transduced  the  interferometric  signal  from  the  coupler  into  a  voltage  signal  and  sent  the 
signal  to  detection  electronics.  The  detection  electronics  for  the  OCM  included  a 
preamplifier  (Hewlett-Packard,  8447D)  to  give  26  dB  of  amplification  to  the  signal  from 
the  detector,  a  variable  filter  (Krohn-Hite,  3202)  to  bandpass  filter  the  signal  down  to  the 
two  harmonics  and  reduce  noise,  and  a  RMS  detector  (Analog,  AD8361)  to  demodulate 
the  signal  and  provide  an  estimate  of  the  signal  intensity,  or  square  of  the  fringe 
amplitude.  A  complementary  estimate  of  signal  intensity  was  provided  by  blocking  the 
reference  and  measuring  the  intensity  of  the  backscattered  light  returned  from  the 
confocal  microscope.  This  confocal  signal  returned  to  the  computer  through  a  separate 
electrical  path  which  amplified  the  signal  by  10  dB  and  highpass  filtered  it  to  reduce 
noise. 


88 


The  computer  had  to  interface  with  two  instruments  while  receiving  data  from  the 
detection  electronics.  The  scanning  system  had  a  controller  box  which  drove  the  mirrors 
and  provided  control  signals  to  help  synchronize  data  acquisition.  Both  of  these  signals 
were  fairly  simple  and  could  be  used  to  configure  triggers  on  a  National  Instruments  (NI) 
Multifunction  DAQ  board  (PCI-MIO-16E-4)  to  acquire  the  data  signal  with  a  250kS/s 
sampling  rate  during  the  linear  portion  of  a  line  scan.  The  other  interface  was  to  the 
motorized  translation  stage  controller.  This  instrument  was  GPIB-compatible  so  a  NI 
PCI-GPIB  board  was  used  to  control  it. 


Figure  5.3.  Electrical  interfacing  requirements. 
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5.4 


OCM  Characterization 


5.4.1  Resolution 

The  OCM’s  resolution  was  estimated  by  determining  the  fiber  optic’s  effect  on 
ideal  performance  through  calculation  of  Gu’s  dimensionless  fiber  spot  size  parameter,  A 
(2.8)  [70].  Wave  Optics  provided  single  mode  fiber  for  855  nm  with  a  core  radius  of  2.5 
microns  and  NA  of  0.118,  implying  a  V  of  2.166  and  r0  of  2  microns.  Since  the 
objective’s  back  aperture  had  a  radius  of  3.6  mm,  the  collimating  lens  had  to  have  a  focal 
length  greater  than  30.29  mm  to  overfill  it.  Using  a  commercially  available  focal  length 
of  31.7  mm  resulted  in  a  normalized  parameter  A  of  2.81.  The  computed  PSF  for  this  A 
is  shown  in  Figure  5.4,  giving  a  Uy2  of  3.48  optical  units  (See  Section  2.5.1  for  details  on 

optical  units).  This  implies  that  the  confocal  microscope  in  the  sample  arm  will  give  an 
axial  resolution  of  1 . 1 8  microns. 

Calculating  the  system’s  lateral  resolution  is  more  complicated.  A  point  spread 
function  for  lateral  intensity  using  a  fiber  optic  pinhole  is  not  available.  As  an  estimate  of 
its  effect,  a  normalized  pinhole  radius  was  determined  by  finding  the  radius  that  gives  the 
same  ux/2  of  3.48  optical  units,  using  graphs  of  uxj2  as  a  function  of  vp  from  [68].  The 

corresponding  vp  of  3.8  optical  units  predicts  that  the  system  will  have  a  lateral  resolution 
of  1.6  optical  units,  or  544  nm.  Since  the  system  only  uses  230  pixels  per  line,  the  lateral 
resolution  of  the  OCM  will  be  limited  by  sampling.  With  a  field  of  view  adjustable  from 
170  -  250  microns,  ideal  lateral  resolution  could  vary  from  1.5  -  2.2  microns. 
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Figure  5.4.  Intensity  as  a  function  of  u  and  a  normalized  parameter,  A  =  2.81. 

Actual  resolutions  for  the  OCM  were  measured  using  a  Ronchi  grating  and  a  first 
surface  mirror.  A  line  profile  from  a  grating  image  is  shown  in  Figure  5. 5 A.  With  a  field 
of  view  of  170  microns,  a  lateral  resolution  of  2.3  microns  was  determined  by  measuring 
the  distance  between  the  10%  and  90%  intensity  lines.  The  normalized  intensity  response 
for  both  the  confocal  mode  and  the  OCM  to  moving  a  mirror  through  the  focus  while 
keeping  the  reference  arm’s  pathlength  matched  with  the  top  of  the  mirror  is  shown  in 
Figure  5.5.  Axial  resolutions  of  5.4  microns  and  7.8  microns  for  the  confocal  mode  and 
the  OCM,  respectively,  were  measured  through  the  full-width  half-maximum  of  the 
average  intensity.  We  attribute  the  slight  widening  in  the  OCM’s  axial  response  in 
comparison  to  the  confocal  arm  to  dispersion  effects  and  the  overall  broadening  of  both 
resolutions  in  comparison  to  estimates  to  spherical  aberrations  in  the  optics.  The 
measured  resolutions  still  meet  our  system  requirements  of  2  -  3  microns  and  6-8 
microns  for  lateral  and  axial  resolution,  respectively. 
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Figure  5.5.  Measured  resolution  for  the  OCM.  (A)  A  line  profile  from  an  image  of  a 
Ronchi  grating  showing  the  system’s  edge  response.  A  lateral  resolution  of  2.3  microns 
was  determined  by  measuring  the  distance  between  the  10%  and  90%  intensity  lines.  (B) 
Normalized  intensity  response  to  moving  a  mirror  through  the  focus  while  keeping  the 
reference  arm’s  pathlength  matched  with  the  top  of  the  mirror.  Axial  resolutions  of  5.4 
microns  and  7.8  microns  for  the  confocal  mode  and  the  OCM,  respectively,  were 
measured  through  the  full-width  half-maximum  of  the  average  intensity.  The  slight 
widening  of  axial  resolution  for  the  OCM  system  is  attributed  to  dispersion  effects. 


5.4.2  Penetration  Depth  Estimate 

The  system’s  estimated  signal-to-noise  performance  can  also  be  calculated  by 
measuring  the  amount  of  power  returned  to  the  detector  by  mirror  (assumed  to  be  a 
perfect  reflector)  and  solving  (  2. 12  )  for  the  shot-noise-limited  SNR.  When  a  mirror  was 
placed  at  the  focal  point  of  the  sample  arm’s  objective,  a  Newport  Model  1830-C  optical 
power  meter  measured  0.17  mW  of  power  emerging  from  the  fiber  after  the  50/50 
coupler  that  is  coupled  to  the  detector.  With  a  NEB  equal  to  575  kHz  (the  bandwidth  of 
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the  bandpass  filter  used  to  isolate  the  two  harmonics)  and  detector  efficiency  of  0.64,  an 
estimated  SNR  of  90  dB  should  be  achieved.  The  actual  noise  in  the  OCM  was  measured 
by  focusing  the  sample  illumination  onto  a  mirror  and  acquiring  50  OCM  image  frames 
with  the  coherence  gate  moved  completely  out  of  alignment  with  the  sample  arm 
pathlength  and  the  sample  arm  blocked.  The  variance  of  each  pixel  was  calculated  over 
the  50  frames  and  the  average  variance  for  the  image  of  4.84  x  10'9  V2  was  used  as  an 
estimate  of  noise.  The  maximum  signal  generated  divided  by  this  estimate  gave  a  SNR 
of  88  dB. 

Gaining  understanding  of  how  noise  will  limit  penetration  depth  requires  a  more 
realistic  estimate  of  epithelial  signal  as  it  is  attenuated  by  losses  in  tissue.  An  estimate  of 
the  signal  as  it  travels  deeply  into  tissue  can  be  calculated  using  the  equation, 

/  (Z)  =  I0eODR{z)eOD  =  I0R(z)eloD  ( 5.3 ) 

where  I0  is  the  incident  intensity,  R(z)  is  the  depth  dependent  reflectivity,  and  OD  is  the 
optical  depth,  which  is  the  product  of  the  attenuation  coefficient  times  depth.  Solving 
this  equation  for  the  depth  at  which  the  signal  is  only  twice  the  noise  floor  provides  a 
penetration  depth  estimate  of  8.1  OD.  Estimates  of  scattering  coefficients  in  dysplastic 
cervical  epithelium  ranges  from  66  cm'1  to  1 17  cm'1  [77]  which  implies  that  noise-limited 
penetration  depths  should  be  within  the  range  of  690  -  1227  microns  which  exceeds  our 
requirement  of  300  -  500  microns.  This  estimate  does  not  include  the  effect  of  multiple 
scattering  and  background  on  our  ability  to  resolve  features  deeply  within  the  epithelium. 
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CHAPTER  6 


Detection  and  Diagnosis  of  Oral  Neoplasia  with  an  Optical 
Coherence  Microscope 


6.1  Introduction 

Optical  coherence  microscopy  (OCM)  is  a  new  optical  imaging  technology  that 
can  provide  detailed  images  of  tissue  architecture  and  cellular  morphology  of  living 
tissue.  The  technique  combines  the  sub-cellular  resolution  of  high  numerical  aperture 
(NA)  confocal  microscopy  with  the  increased  sensitivity  and  penetration  depths  of  optical 
coherence  tomography  (OCT)  to  acquire  detail  similar  to  that  available  in  histologic 
tissue  evaluation,  except  that  images  are  achieved  non-invasively  and  without  stains.  In 
biological  structures,  resolution  of  2  microns  [71]  has  been  achieved  with  a  200  -  500 
micron  field  of  view  and  penetration  depth  of  600  microns  in  plant  specimens  [58,  104] 
and  in  vitro  human  colon  tissue  [59].  Thus,  OCM  provides  the  potential  to  image  oral 
epithelium  in  a  clinical  setting  with  the  subcellular  resolution  needed  to  assess  the 
pathologic  state  of  tissue. 

OCM  imaging  builds  detailed  images  of  cell  morphology  and  tissue  architecture 
by  using  a  high  numerical  aperture  (NA)  confocal  microscope  to  collect  light 
backscattered  by  various  tissue  components  to  provide  contrast.  The  high  NA  objective 
focuses  light  to  a  three-dimensional  voxel  within  the  tissue  and  a  pinhole  placed  at  a 
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conjugate  image  plane  within  the  confocal  microscope  is  used  to  localize  reflected  light 
from  the  focal  volume.  Interferometric  techniques  are  then  used  on  the  light  returning 
through  the  pinhole  to  further  isolate  photons  returning  from  a  given  voxel  and  reject 
multiply  scattered  photons  that  retard  the  penetration  depth  of  confocal  microscopes  in 
opaque  samples  [71,  76].  Changes  in  refractive  index  provide  the  contrast  necessary  to 
recognize  intracellular  detail.  At  this  time,  OCM  imaging  has  been  limited  to  relatively 
few  biological  tissues,  but  results  from  confocal  microscopy  and  OCT  support  the 
potential  of  this  optical  modality  for  imaging  oral  lesions. 

Both  confocal  microscopy  and  OCT  have  had  success  in  visualizing  pre- 
cancerous  and  cancerous  conditions.  High  NA  confocal  microscopy  with  its  subcellular 
resolution  enables  imaging  of  cell  morphologic  and  tissue  architectural  changes 
associated  with  dysplasia  and  cancer.  In  skin,  where  cytoplasmic  melanin  provides  a 
strong  source  of  backscattering,  confocal  microscopes  have  captured  morphologic 
changes  in  cytologic  structure  and  visualized  microvasculature  in  both  basal  cell 
carcinomas  and  melanomas  [119-121,  149].  In  amelanotic  epithelial  tissues,  where  cell 
nuclei  provide  the  primary  source  of  reflected  light,  recent  work  showed  that  reflectance 
confocal  imaging  of  normal  and  precancerous  cervical  tissue  can  characterize  nuclear 
size,  nuclear  density  and  nuclear  to  cytoplasmic  ratio  without  the  need  for  tissue 
sectioning  or  staining.  Parameters  extracted  from  confocal  images  could  be  used  to 
discriminate  high  grade  cervical  precancers  with  a  sensitivity  of  100%  and  a  specificity 
of  91%  in  a  study  of  25  samples  [107].  In  a  study  of  the  esophagus  [122],  nuclear  to 
cytoplasmic  ratios  were  extracted  from  confocal  images  of  normal  esophagus  and 
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esophageal  cancer;  differences  were  statistically  significant  and  could  be  used  to  identify 
cancer  with  a  diagnostic  accuracy  of  90%.  Confocal  imaging  of  oral  mucosa  has 
resolved  subcellular  detail  at  depths  of  250  microns  and  500  microns  in  the  lip  and 
tongue,  respectively  [44],  and  captured  many  features  of  normal  mucosa  and  oral 
squamous  cell  carcinoma  from  multiple  sites  within  the  oral  cavity  [138]. 

While  high  resolution  OCT  imaging  has  demonstrated  resolution  on  the  order  of  1 
micron  [150],  current  clinically  tested  OCT  systems  do  not  provide  images  with  the 
subcellular  resolution  characteristic  of  high  NA  reflectance  confocal  microscopy.  They 
are  able  to  use  their  deeper  penetration  depth  capability  of  up  to  1  mm  to  resolve 
architectural  differences  associated  with  the  epithelial  and  stromal  layers  as  precancers 
and  cancers  develop.  In  a  study  of  the  cervix,  an  OCT  system  captured  irregularities  in 
the  epithelial  layer  and  basement  membranes  of  carcinoma  in  situ  as  well  as  lack  of 
definition  in  the  basement  membrane  associated  with  invasive  carcinoma  [151].  OCT 
endoscopes  have  also  successfully  imaged  a  large  number  of  internal  sites.  These 
systems  demonstrated  a  reduction  in  the  distinction  between  epithelial  and  stromal  layers 
in  OCT  images  of  precancerous  and  cancerous  tissues  of  the  larynx,  esophagus,  uterine 
cervix,  colon,  urinary  bladder  and  esophagus  [152-158]  when  compared  to  normal  tissue. 

The  goal  of  this  study  was  to  characterize  the  features  of  normal  and  neoplastic 
oral  mucosa  using  OCM.  We  report  results  of  a  pilot  study  using  an  OCM  system  to 
image  pairs  of  clinically  normal  and  abnormal  biopsies  obtained  from  12  patients.  We 
find  that  OCM  can  image  oral  mucosa  with  resolution  comparable  to  histology  without 
the  need  for  tissue  fixation,  sectioning  or  staining.  Analysis  of  epithelial  scattering 
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coefficients  clearly  discerns  a  difference  between  the  hyperkeratotic  layers  and  the  non- 
keratinized  epithelium  below  and  an  increase  in  scattering  associated  with 
premalignancy. 

6.2  METHODS  AND  MATERIALS 

6.2.1  Specimens 

Oral  cavity  biopsies  were  acquired  from  12  patients  at  the  Head  and  Neck  Clinic 
of  the  University  of  Texas  M.  D.  Anderson  Cancer  Center  who  were  undergoing  surgery 
for  squamous  cell  carcinoma  (SCC)  within  the  oral  cavity.  Informed  consent  was  given 
by  all  patients,  and  the  project  was  reviewed  and  approved  by  the  University  of  Texas  M. 
D.  Anderson  Cancer  Center  Office  of  Protocol  Research  and  the  Institutional  Review 
Board  at  the  University  of  Texas  at  Austin.  Biopsies  (approximately  3  mm  wide  by  4 
mm  long  by  2  mm  thick)  were  acquired  from  at  least  one  clinically  normal  appearing  and 
clinically  suspicious  area  and  immediately  placed  in  growth  medium  (DMEM,  no  phenol 
red).  Both  optical  coherence  and  reflectance  confocal  images  were  obtained  at  multiple 
image  plane  depths  from  the  biopsies  within  twelve  hours  of  excision.  Following 
imaging,  biopsies  were  fixed  in  10%  formalin  and  submitted  for  routine  histologic 
examination  by  an  experienced  head  and  neck  pathologist.  Additional  sections  from  four 
of  the  biopsies  were  stained  with  Monoclonal  Mouse  anti-Cytokeratin  (Pan)  (MMAC) 
Concentrate  Antibody  (Zymed  Laboratories,  Inc.),  a  broad  spectrum  monoclonal 
antibody  cocktail  of  clones  A1  and  A3  which  reacts  to  cytokeratins  10,  14/15,  16  and  19 
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in  the  acidic  subfamily  and  all  members  of  the  basic  subfamily,  to  assess  correlations 
between  confocal  image  features  and  the  presence  of  keratin  in  the  specimen. 

6.2.2  Optical  Coherence  System 

Images  were  obtained  from  each  biopsy  using  an  OCM  system  (Figure  6.1). 
Illumination  was  provided  by  a  broadband  superluminescent  diode  (Superlum  Diodes, 
Ltd.,  SLD  38)  operating  at  850  nm  with  a  25  nm  full-width  half  maximum  (FWHM) 
bandwidth  and  delivered  to  the  confocal  microscope  through  a  50/50  coupler  and  a 
single-mode  optical  fiber.  The  illumination  light  was  collimated  to  a  beam  diameter  of  8 
mm  upon  exciting  the  optical  fiber  and  delivered  to  a  water  immersion  microscope 
objective  (40X,  0.8  NA)  via  a  raster-scanning  system.  This  scanning  system  used  a 
resonant  scanner  providing  an  85  Hz  line  scan  rate  and  a  slow  scan  galvanometer  to  move 
the  focused  light  in  the  sample,  allowing  acquisition  of  images  in  3  seconds.  The 
objective  focused  light  to  a  1  micron-diameter  spot  with  an  average  illumination  power  of 
0.4  mW.  Light  backscattered  from  the  tissue  was  recoupled  into  the  optical  fiber,  mixed 
in  the  50/50  coupler  with  light  returning  from  a  reference  arm  and  sent  to  a  low-noise, 
broadband  detector  (New  Focus,  1801-FC). 

If  the  pathlengths  of  light  returning  from  the  sample  and  reference  arm  matched  to 
within  a  coherence  length  of  the  SLD,  interference  fringes  were  produced  at  the  detector. 
The  pathlength  of  the  reference  light  was  small-amplitude  (<1  micron)  modulated  using  a 
technique  described  in  [144,  145]  where  light  was  reflected  from  a  mirror  mounted  on  a 
sinusoidally  driven  piezo  (NEC,  AE0203D04).  Demodulation  of  the  first  two  harmonics 

of  this  modulated  signal  allowed  reduction  and  even  elimination  of  variation  in  the  signal 
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Piezo- 


Figure  6. 1 .  Diagram  of  the  OCM  system  used  to  image  oral  cavity  specimens. 

caused  by  thermal  drifts  in  the  pathlengths  of  the  reference  and  sample  optical  fibers  [59]. 
Hoeling  demonstrated  that  the  thermal  variation  could  be  eliminated  if  a  modulation 
frequency  of  122  kHz  was  used  [144],  but  in  order  to  raise  our  image  acquisition  rate,  we 
increased  our  modulation  frequency  to  a  resonant  frequency  at  376.65  kHz.  At  this 
higher  frequency,  the  displacement  of  the  mounted  piezo  per  volt  was  too  low  to  balance 
the  two  harmonics  without  damage  to  the  piezo,  but  a  driving  signal  of  7.5  Vp.p  was  used 
to  provide  a  peak-to-peak  displacement  of  315  nm  and  65%  reduction  in  phase  variations. 
The  resulting  signal  was  amplified  by  26  dB  and  bandpass  filtered  to  isolate  the  two 
harmonics  and  reduce  noise.  A  RMS  detector  (Analog,  AD8361)  demodulated  the  signal 
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and  provided  an  estimate  of  signal  intensity,  or  the  square  of  the  fringe  amplitude.  A 
complementary  estimate  of  signal  intensity  was  acquired  by  blocking  the  reference  arm 
illumination  and  measuring  the  intensity  of  the  backscattered  light  returned  from  the 
confocal  microscope.  This  confocal  signal  returned  to  the  computer  through  a  separate 
electrical  path  which  bandpass  filtered  the  signal  to  250  kHz  and  provided  10  dB  of 
amplification. 

The  OCM  system  operated  at  a  dimensionless  fiber  spot  size,  A,  [70]  of  2.81  to 
optimize  optical  sectioning.  The  measured  lateral  and  axial  resolution  of  the  system  were 

2.3  microns  and  7.8  microns,  respectively.  The  field  of  view  was  adjustable  from  150  — 
250  microns  by  controlling  the  deflection  of  the  scan  mirrors. 

6.2.3  Imaging  and  Image  Processing 

Prior  to  imaging,  the  biopsies  were  removed  from  growth  media,  rinsed  with 
phosphate  buffered  solution  (PBS),  and  oriented  so  the  image  plane  of  the  microscope 
was  parallel  to  the  epithelial  surface  and  would  approach  the  epithelial  layer  first.  A  6% 
solution  of  acetic  acid  was  then  added  to  each  sample  to  increase  image  contrast  [123]. 
OCM  and  confocal  image  pairs  were  acquired  at  various  epithelial  depths  until  tissue 
details  were  no  longer  resolvable  by  either  of  the  imaging  modalities.  Upon  acquisition, 
image  voltage  data  was  saved  to  a  file  as  floating  point  numbers  and  also  translated  into 
8-bit,  grayscale  format  using  a  full-scale  contrast  stretch  algorithm  to  produce  individual 
images.  Each  of  the  image  frames  presented  here  were  given  additional  post-processing 
to  increase  image  quality.  Brightness  was  enhanced  by  adding  a  selected  percentage  of 
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full  gray  scale  to  each  pixel  and  contrast  increased  by  removing  another  percentage  of 
full  gray  scale  from  the  image  and  expanding  the  remaining  midrange  gray  levels. 

Images  of  stained  histologic  sections  were  acquired  using  a  color  CCD  camera 
coupled  to  a  brightfield  microscope.  The  OCM’s  small  field  of  view  made  it  extremely 
difficult  to  register  exactly  where  in  the  biopsy  images  were  acquired  so  we  identified 
areas  in  histologic  sections  that  corresponded  to  features  present  in  our  images. 

6.2.4  Scattering  Coefficient  A nalysis 

A  selection  of  image  depth  of  focus  stacks  were  also  processed  to  estimate  the 
epithelial  tissue  scattering  coefficient  using  a  technique  described  in  [77].  An  estimate  of 
the  aggregate  tissue  scattering  coefficient  can  be  calculated  using  the  equation, 

l{z)=I0e“fz)e-»!=iy2»%z)  (6]) 

where  I0  is  the  incident  intensity,  R(z)  is  the  depth  dependent  reflectivity,  and  pt  is  the 
attenuation  coefficient,  which  is  the  sum  of  the  absorption  and  scattering  coefficients. 
This  technique  assumes  that  excitation  and  reflected  light  travels  parallel  to  the  optical 
axis  and  that  the  attenuation  coefficient  does  not  vary  as  a  function  of  depth.  In  the  near 
infrared,  where  we  made  our  measurements,  the  absorption  coefficient  is  significantly 
lower  than  the  scattering  coefficient  [159]  so  the  attenuation  coefficient  was  assumed  to 
equal  the  scattering  coefficient.  Binary  masks  outlining  nuclei  were  hand-segmented  by 
one  person  using  a  graphics  editing  program  (JASC,  PaintShop).  A  mean  reflected 
intensity  for  these  nuclei  was  calculated  using  the  nuclear  masks  to  extract  specific 
voltage  levels  from  the  detector  values  saved  during  imaging  and  plotted  as  a  function  of 
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depth  for  each  stack.  These  data  were  fit  to  (  6.1  )  by  minimizing  the  mean  square  error 
between  the  data  and  the  fit  with  the  scattering  coefficient  as  the  only  variable  parameter. 

6.3  Results 

6.3.1  Imaging  Results 

Both  OCM  and  confocal  images  were  successfully  obtained  from  28  biopsies 
acquired  from  12  patients  with  resolution  similar  to  that  provided  by  bright-field 
microscopy  typically  used  to  examine  histologic  sections.  Table  6.1  shows  the  number  of 
clinically  normal  and  abnormal  specimens  obtained  from  each  site  within  the  oral  cavity. 
Table  6.2  lists  the  histopathologic  diagnoses  for  each  biopsy  from  each  patient  with  20 
showing  hyperkeratosis,  14  exhibiting  hyperplasia,  four  with  mild  dysplasia  (two  focal), 
three  with  moderate  dysplasia  (one  focal),  one  with  focal  severe  dysplasia,  one 
moderately  differentiated  SCC,  one  well  differentiated  SCC,  and  three  specimens  having 
no  diagnosis  due  to  a  lack  of  epithelium  in  the  histologic  section. 


102 


Table  6.1.  Number  of  clinically  normal  and  abnormal  biopsies  from  each  site. 


Location 

Clinical  Appearance 

Normal  Abnormal 

Tongue  (Lateral  and  Ventral  Surfaces) 

3 

4 

Floor  of  Mouth 

2 

2 

Gingiva 

4 

6 

Buccal  Mucosa 

3 

2 

Soft  Palate 

1 

1 
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Table  6.2.  Histopathologic  diagnosis  by  patient. 


# 

Site 

Histopathologic  Diagnosis 

Clinically  Normal 
Biopsy 

Clinically  Abnormal 
Biopsy 

1 

Tongue 
(Lat.  surface) 

Hyperkeratosis, 

hyperplasia 

Moderate  focal 
dysplasia 

2 

Gingiva 

Hyperkeratosis, 

hyperplasia 

Hyperkeratosis, 

hyperplasia 

3 

Gingiva 

Mild  focal  dysplasia 

Moderate  to  severe  focal 

dysplasia, 

hyperkeratosis 

4a 

Gingiva 

None1 

Hyperkeratosis, 

hyperplasia 

4b 

Soft  Palate 

Hyperkeratosis, 

hyperplasia 

Well  differentiated  SCC 

5 

Floor  of  mouth  (N) 
Gingiva  (A) 

Hyperkeratosis, 

hyperplasia 

None1 

6 

Tongue 
(Lat.  surface) 

Hyperkeratosis, 

hyperplasia 

Mild  focal  dysplasia, 
hyperkeratosis 

7 

Floor  of  mouth 

Mild  dysplasia, 
hyperkeratosis 

Mild  to  moderate 
dysplasia,  severe 
hyperkeratosis 

8 

Tongue 
(Lat.  surface) 

Severe  hyperkeratosis, 
hyperplasia 

Mild  dysplasia 

9 

Buccal  mucosa 
(N,  Al,  A2) 

Hyperkeratosis, 

hyperplasia 

Severe  hyperkeratosis 
(Al) 

Hyperkeratosis, 
hyperplasia  (A2) 

10 

Buccal  mucosa  (N) 
Floor  of  mouth 
(Al) 

Gingiva  (A2) 

Hyperkeratosis, 

hyperplasia 

Moderate  dysplasia, 
hyperkeratosis  (Al) 
Hyperkeratosis, 
hyperplasia,  (A2) 

11 

Gingiva 

Hyperkeratosis, 

hyperplasia 

Moderately 
differentiated  SCC 

12 

Buccal  mucosa  (N) 
Tongue 

(Lat.  surface)  (A) 

Hyperkeratosis, 

hyperplasia 

None1 

‘No  epithelium  in  specimen. 
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OCM  images  were  acquired  by  scanning  focused  light  in  a  plane  parallel  to  the 
epithelial  surface.  Figure  6.2F  shows  a  histology  image  from  a  biopsy  with 
hyperkeratosis  and  hyperplasia  from  the  floor  of  the  mouth,  flanked  by  confocal  (Figure 
6.2A  -  E)  and  OCM  (Figure  6.2G  -  K)  images  taken  from  the  same  biopsy  at  the 
different  depths  indicated  by  the  lines  on  Figure  6.2F.  Images  from  the  superficial 
epithelium  (Figure  6.2 A,  B,  G,  and  H)  taken  at  50  and  150  microns  beneath  the  epithelial 
surface  show  larger  cells  with  extensive  keratin  providing  bright  return  from  the  cell 
periphery  regions  while  those  acquired  from  250  microns  below  the  tissue  surface  (Figure 
6.2C  and  I)  capture  the  more  uniform,  smaller  cells  associated  with  the  intermediate 
layer.  The  images  from  the  basal  epithelium  at  300  microns  below  the  tissue  surface 
(Figure  6.2D  and  J)  visualize  a  distinct  increase  in  cell  density  and  nuclear  to  cytoplasmic 
ratio,  but  contrast  in  the  confocal  image  (Figure  6.2D)  is  now  significantly  reduced.  At 
this  depth,  the  OCM  is  still  able  to  resolve  cell  membranes  (arrow)  (Figure  6.2J)  and  at 
350  microns  below  the  tissue  surface  (Figure  6.2K),  basal  cells  are  still  visible  in  one 
portion  of  the  image  (arrow)  while  areas  of  low  return  represent  where  part  of  the  image 
plane  has  traversed  the  basement  membrane  into  stroma  (double  arrows).  Confocal  and 
OCM  image  features  compare  well  with  the  corresponding  transverse  histologic  section 
(Figure  6.2F).  This  pattern  of  confocal  and  OCM  images  was  typical  of  those  recorded 
from  normal  biopsies  in  this  study. 
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Figure  6.2.  Transverse  histologic  image  (F)  with  en  face  confocal  (A  -  E)  and  OCM  (G  - 
K)  images  obtained  at  different  depths  beneath  the  epithelial  surface  of  a  hyperkeratotic 
and  hyperplastic  floor  of  the  mouth  biopsy.  Both  imaging  modalities  captured  an 
increase  in  nuclear  density  as  the  depth  of  the  focal  plane  increased  from  (A,  G)  50 
microns  to  (B,  H)  150  microns  to  (C,  I)  250  microns  below  the  tissue  surface.  At  (D)  300 
microns  below  the  tissue  surface,  confocal  image  quality  started  to  degrade  and  by  (E) 
350  microns  below  the  tissue  surface,  features  were  barely  resolvable.  In  the 
corresponding  OCM  images,  cell  membranes  (arrow)  are  still  resolvable  at  (J)  300 
microns  below  the  tissue  surface.  At  (K)  350  microns  below  the  tissue  surface,  cells  are 
captured  (arrow)  and  part  of  the  focal  plane  has  traversed  through  the  basement 
membrane  into  stroma  (double  arrows).  Scale  bars  =  20  microns. 
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Detection  of  oral  dysplasia  requires  sub-cellular  resolution  to  capture  changes  in 
nuclear  shape  and  area  characteristic  of  pathologic  changes  in  tissue  during  pre-malignant 
progression.  Figure  6.3  shows  both  histologic  and  OCM  images  from  a  hyperplastic  and 
hyperkeratotic  biopsy  from  gingiva  (A,  C)  and  an  invasive,  well  differentiated  squamous 
cell  carcinoma  from  the  soft  palate  (B,  D).  The  nuclei  in  Figure  6.3A  and  Figure  6.3C 
demonstrate  the  consistent  shape,  area,  and  spacing  common  to  healthy  tissue.  In  sharp 
contrast,  the  tightly  packed  tumor  cells  imaged  in  Figure  6.3B  and  Figure  6.3D  exhibit 
extensive  variations  in  nuclear  size  and  nuclear  morphology.  Epithelial  nuclei  (single 
arrows)  appear  as  bright  areas  on  the  OCM  image,  whereas  areas  of  stroma  with 
inflammation  (double  arrows)  appear  dark  in  the  OCM  image. 
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Figure  6.3.  Histologic  and  en  face  OCM  images  of  normal  and  cancerous  tissue.  The 
consistent  nuclear  area  and  spacing  in  images  from  a  hyperplastic  and  hyperkeratotic 
biopsy  from  gingiva  (A,  C)  contrast  sharply  with  the  tightly  packed  tumor  cells  (arrow) 
containing  irregular  nuclei  visualized  in  a  well  differentiated  SCC  from  the  soft  palate  (B, 
D).  A  portion  of  stroma  with  inflammation  (double  arrows)  is  also  captured  in  both 
images  of  the  SCC  (B,  D).  Scale  bars  =  20  microns. 
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6.3.2  Penetration  Depth  and  Scattering  Coefficient  Analysis 

An  important  performance  measure  for  optical  imaging  in  tissue  is  the  maximum 
depth  at  which  images  can  be  obtained,  or  the  penetration  depth.  Imaging  performance 
for  both  modalities  was  analyzed  for  the  23  biopsies  in  which  consistent  features  were 
resolved  throughout  imaging.  For  this  analysis,  penetration  depth  was  defined  as  the 
maximum  depth  at  which  imaging  captured  individual  nuclei  due  to  the  difficulty  in 
differentiating  between  when  the  focal  plane  had  entered  the  stroma  with  its  diffuse, 
featureless  return  and  when  signal  return  had  simply  dropped  too  low  to  capture 
information.  The  results  of  this  analysis  are  shown  in  Figure  6.4.  The  OCM  consistently 
imaged  more  deeply  than  the  confocal  microscope,  imaging  100  or  more  microns  deeper 
in  3  cases,  50  microns  or  more  in  7  cases,  and  less  than  50  microns  deeper  in  13  cases. 
Overall,  the  penetration  depth  of  the  OCM  exceeded  the  penetration  depth  of  the  confocal 
by  an  average  33%.  The  widely  divergent  penetration  depths  for  the  study  (93  -  338 
microns  for  the  OCM)  illustrate  the  challenge  presented  by  the  diversity  of  tissue  types 
and  pathologic  states  found  in  the  oral  cavity. 
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Sample 


Figure  6.4.  Penetration  depth  of  confocal  microscope  versus  OCM  system. 

An  analysis  of  epithelial  scattering  coefficients  for  these  samples  was  also 
performed.  Twenty-nine  depth  of  focus  stacks,  representing  16  biopsies,  were  selected. 
Stacks  were  chosen  based  on  clarity  of  nuclei  over  at  least  5  image  depths  and  a 
maximum  of  two  stacks  per  biopsy  were  used.  In  23  of  29  stacks,  an  exponential  curve 
could  not  be  fit  to  the  entire  reflected  nuclear  intensity  curve  because  a  region  existed  at 
the  beginning  of  the  data  that  did  not  fit  the  model.  Reflectivities  in  these  regions  varied 
greatly  with  signal  commonly  increasing  during  the  first  20  -  50  microns  before  either 
remaining  relatively  constant  or  dropping  off  significantly.  In  14  of  the  23  stacks,  the 
signal  started  to  attenuate  exponentially  at  a  specific  depth.  Upon  examination  of  the 
pathology  diagnosis  for  these  cases,  it  became  apparent  that  all  23  of  these  samples  came 
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from  hyperkeratotic  biopsies  while  three  of  the  remaining  six  stacks  were  SCCs  without 
hyperkeratotic  layers  and  another  two  came  from  a  biopsy  with  a  very  minimal 
hyperkeratotic  layer.  Figure  6.5  shows  two  examples  with  hyperkeratotic  layers  clearly 
distinguishable  in  both  the  histology  and  the  normalized  nuclear  reflectance  plots. 
Figure  6.5A  shows  a  histologic  image  from  a  keratin  antibody  (MMAC)  stained  section 
from  a  hyperkeratotic  and  hyperplastic  gingiva  biopsy  with  a  plot  of  normalized  reflected 
nuclear  intensity  taken  from  the  same  biopsy  (Figure  6.5B).  The  top  10  -  20  microns  of 
the  biopsy  are  heavily  keratinized  followed  by  a  40  -  90  micron  layer  of  keratinized  cells. 
This  layer  is  recorded  in  the  plot  by  a  brief  period  of  increasing  reflected  nuclear  intensity 
before  the  signal  becomes  relatively  constant  until  70  microns  below  the  tissue  surface. 
At  this  depth,  the  intensity  begins  to  drop.  When  the  data  from  70  -  150  microns  is  fitted 
to  an  exponential  curve,  the  fit  constant  is  54  (with  a  mean  correlation  coefficient  of 
0.91),  implying  a  scattering  coefficient  of  27  cm'1.  The  histologic  image  in  Figure  6.5C 
from  a  keratin  antibody  (MMAC)  stained  section  from  a  hyperkeratotic,  mildly  dysplastic 
gingiva  biopsy  with  focal  moderate  to  severe  dysplasia  has  a  thicker  20  -  40  micron, 
heavily  keratinized  superficial  layer  on  top  of  a  30  -  100  micron  layer  of  keratinized 
cells.  This  layer  is  recorded  in  the  plot  in  Figure  6.5D  by  a  brief  period  of  increasing 
reflected  nuclear  intensity  before  the  signal  varies  significantly  until  120  microns  below 
the  tissue  surface.  At  this  depth,  the  intensity  begins  to  drop.  When  the  data  from  120  — 
190  microns  is  fitted  to  an  exponential  curve,  the  fit  constant  is  69  (with  a  mean 
correlation  coefficient  of  0.89),  implying  a  scattering  coefficient  of  34  cm'1. 


Ill 


B 


Figure  6.5.  Comparison  of  histology  to  normalized  reflected  nuclear  intensity  as  a 
function  of  depth.  (A)  Histologic  image  from  a  keratin  antibody  (MM AC)  stained 
section  from  a  hyperkeratotic  and  hyperplastic  gingiva  biopsy.  (B)  Plot  of  normalized 
reflected  nuclear  intensity  taken  from  the  same  biopsy  in  (A)  showing  characteristic 
decay  within  the  hyperkeratotic  region  and  exponential  attenuation  starting  at  70  microns 
with  a  fit  constant  of  54  (with  a  mean  correlation  coefficient  of  0.91),  implying  a 
scattering  coefficient  of  27  cm1.  (C)  Histologic  image  from  a  keratin  antibody  (MMAC) 
stained  section  from  a  hyperkeratotic  gingiva  biopsy  with  mild  dysplasia  and  focal 
moderate  to  severe  dysplasia.  (D)  Plot  of  normalized  reflected  nuclear  intensity  taken 
from  the  same  biopsy  in  (C)  showing  characteristic  decay  of  the  hyperkeratotic  region 
and  exponential  attenuation  starting  at  120  microns  with  a  fit  constant  of  69  (with  a  mean 
correlation  coefficient  of  0.88),  implying  a  scattering  coefficient  of  34  cm'1. 
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Figure  6.6  shows  more  examples  of  normalized  nuclear  reflectance  plots  from 
different  sites  in  the  oral  cavity  representing  multiple  pathologic  states.  Figure  6.7A 
shows  a  scatter  plot  of  scattering  coefficients  for  the  20  samples  that  either  did  not  have  a 
hyperkeratotic  region  or  had  a  second  layer  that  exhibited  an  exponential  attenuation  of 
reflected  nuclear  intensity,  while  Figure  6.7B  presents  the  mean  scattering  coefficients 
for  these  stacks  by  pathologic  diagnosis.  The  mean  scattering  coefficient  for  samples 
from  normal  biopsies  was  27  ±  1 1  cm'1,  with  a  minimum  and  maximum  value  of  13  and 
42  cm'1,  respectively,  and  a  mean  correlation  coefficient  of  greater  than  0.85  for  11 
samples  and  0.72  for  one  other.  The  mean  scattering  coefficient  for  samples  from 
dysplastic  biopsies  rose  slightly  to  39  ±  6  cm'1,  with  a  minimum  and  maximum  value  of 
34  and  48  cm'1,  respectively.  The  mean  correlation  coefficients  for  these  five  samples 
were  greater  than  0.89.  Finally,  the  mean  scattering  coefficient  for  samples  from  SCC 
biopsies  was  60  ±  9  cm'1,  with  a  minimum  and  maximum  value  of  54  and  70  cm"1, 
respectively,  with  a  mean  correlation  coefficient  of  great  than  0.91  for  all  3  samples. 
While  the  number  of  samples  from  SCC  is  small,  there  is  definitely  an  upwards  trend  in 
scattering  coefficient  as  the  tissue  progresses  from  normal  to  dysplasia  to  cancer. 
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Figure  6.6.  Examples  of  normalized  nuclear  intensity  plots  from  different  sites  and 
pathologic  states.  (A)  Plot  from  a  hyperkeratotic  and  hyperplastic  biopsy  from  the  floor 
of  the  mouth  with  an  estimated  scattering  coefficient  of  16  cm'1  (mean  correlation 
coefficient  of  0.92).  (B)  Plot  from  a  hyperkeratotic,  mildly  dysplastic  biopsy  from  the 
lateral  surface  of  a  tongue  with  an  estimated  scattering  coefficient  of  34  cm'1  (mean 
correlation  coefficient  of  0.96).  (C)  Plot  from  a  severely  hyperkeratotic,  moderately 
dysplastic  biopsy  from  the  floor  of  the  mouth  with  an  estimated  scattering  coefficient  of 
48  cm'1  (mean  correlation  coefficient  of  0.96).  (D)  Plot  from  an  invasive,  well 

differentiated  SCC  from  the  soft  palate  with  an  estimated  scattering  coefficient  of  70  cm'1 
(mean  correlation  coefficient  of  0.98). 


A  B 

Figure  6.7.  (a)  Scatter  plot  of  scattering  coefficients  for  non-hyperkeratotic  tissue,  (b) 


Bar  chart  comparing  mean  scattering  coefficients  for  non-hyperkeratotic  tissue  by 
pathologic  diagnosis. 


6.4  DISCUSSION 

The  images  presented  here  illustrate  the  ability  of  an  OCM  system  to  image  oral 
mucosa  with  resolution  comparable  to  histologic  evaluation  without  tissue  preparation 
and  staining.  In  normal  tissue,  depth-related  changes  in  cell  diameter  and  nuclear  density 
were  observed  at  multiple  anatomic  sites  within  the  oral  cavity  and  at  deeper  depths  than 
achieved  with  the  system’s  confocal  microscope.  In  SCCs,  densely  packed,  pleomorphic 
tumor  nuclei  could  be  visualized  while  areas  of  inflammation  appeared.  Our  images 
correlate  well  with  histology  and  are  similar  to  previously  reported  optical  imaging 
results  in  the  oral  cavity  [44, 138]. 

Our  study  of  oral  epithelial  scattering  coefficients  emphasizes  the  role  that  a 

hyperkeratotic  layer  plays  in  optical  imaging  of  the  oral  cavity.  We  believe  that  the  low 
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levels  of  reflected  intensity  at  the  superficial  portion  of  the  hyperkeratotic  layer  are  due  to 
high  levels  of  keratin  that  lower  the  index  mismatch  between  nuclei  and  the  surrounding 
cytoplasm.  The  reflected  intensity  increases  as  the  level  of  keratin  in  the  cytoplasm  drops 
leading  to  an  increase  in  refractive  mismatch.  This  result  supports  the  conclusion  made 
in  a  previous  study  [138]  that  a  larger  refractive  index  exists  in  the  hyperkeratotic  layer 
that  would  limit  the  ability  of  illumination  light  to  reach  lower  levels  in  the  tissue  by 
increasing  specular  reflection  at  the  tissue  surface.  We  also  believe  that  the  characteristic 
depth  dependent  reflectivities  observed  in  the  rest  of  the  hyperkeratotic  layer  are  a  result 
of  changing  levels  of  keratin  in  the  cytoplasm  as  well  as  pyknotic  nuclei.  Previous 
studies  have  shown  that  chromatin  material  in  the  nucleus  is  responsible  for  the  index 
mismatch  that  provides  a  significant  amount  of  the  contrast  in  optical  imaging  of 
amelanotic  tissue  [43].  Nuclei  present  in  a  hyperkeratotic  (or  parakeratotic)  layer  are 
pyknotic  due  to  the  death  of  cells  with  condensed,  irregular  chromatin  [160].  Varying 
shapes  and  DNA  levels  would  cause  the  reflectivity  and  scattering  function  to  fluctuate 
with  each  individual  nucleus. 

The  scattering  coefficients  reported  here  show  a  definite  increasing  trend  from  27 
cm'1  in  normal  tissue  to  39  cm'1  in  dysplastic  tissue  to  60  cm'1  in  SCCs.  We  believe  that 
the  increased  scattering  in  abnormal  tissue  is  due  to  changes  in  nuclear  morphology. 
Quantitative  measures  of  normal  oral  epithelium  and  oral  SCC  found  almost  a  doubling 
in  DNA  content  in  SCC  when  compared  to  normal  tissue  [161].  Our  results  are  similar  to 
the  22  cm'1  and  69  cm'1  for  normal  and  dysplastic  epithelium,  respectively,  extracted 
from  cervical  tissue  confocal  images  [77]  and  the  13  cm'1  and  142  cm'1  for  normal  and 
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dysplastic  epithelium  predicted  by  our  finite  difference  time  domain  (FDTD)  algorithm 
which  estimated  the  volume  fraction  of  nuclei  and  average  nuclear  size  from  cervical 
confocal  images  [162],  with  the  slightly  higher  scattering  in  normal  epithelium  probably 
attributable  to  higher  levels  of  keratin  in  the  cytoplasm. 

Recently,  a  number  of  studies  have  suggested  that  optical  spectroscopy  and 
imaging  can  probe  changes  in  both  the  epithelium  and  stroma  of  both  oral  and  cervical 
tissue  [21,  24,  163-167],  but  these  methods  are  based  on  accurate  models  of  the  optical 
properties  of  the  target  tissue.  Our  previous  study  of  cervical  epithelial  scattering 
suggested,  based  on  its  results  for  epithelial  scattering  coefficients,  that  single  layer 
models  that  assume  tissue  is  homogeneous  are  not  well  suited  to  describe  light 
propagation  in  tissue  because  of  the  large  difference  in  scattering  between  epithelium  and 
stroma  [77].  Our  results  further  emphasize  this  point  by  identifying  separate  layers 
within  the  epithelium  with  significantly  different  scattering  properties.  Therefore, 
techniques  that  attempt  to  accurately  model  microanatomical  and  biochemical  features  of 
epithelium  and  their  effect  on  scattering  [162,  166-168]  will  play  a  vital  role  in 
supporting  optical  spectroscopy  as  a  tool  in  the  oral  cavity. 

6.5  Conclusion 

In  this  study,  we  have  shown  the  power  of  optical  coherence  microscopy  to 
visualize,  at  the  subcellular  level,  features  of  both  normal  and  neoplastic  oral  mucosa 
throughout  the  oral  cavity.  Penetration  depths  for  the  OCM  were  consistently  greater 
than  accompanying  confocal  imaging.  Extraction  of  scattering  coefficients  from 
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reflected  nuclear  intensity  was  successful  in  non-hyperkeratotic  layers  and  showed 
differentiation  between  scattering  properties  of  normal  and  dysplastic  epithelium  and 
SCCs. 
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CHAPTER  7 


Summary  and  Conclusions 

7.1  Summary  of  Results 

The  work  in  this  dissertation  centered  on  optical  imaging  in  the  oral  cavity  to 
determine  whether  confocal  microscopy  and  optical  coherence  microscopy  could  detect 
and  diagnose  oral  neoplasia.  The  significant  number  of  benign  lesions  of  the  oral  cavity 
with  similar  visual  appearance  and  clinical  symptoms  and  the  extensive  nature  of  many 
oral  lesions  complicate  the  task  of  screening  for  premalignancies  in  the  mouth.  Both  of 
these  imaging  systems  yielded  detailed  images  of  cell  morphology  and  tissue  architecture 
for  multiple  sites  and  pathologic  states  of  oral  mucosa. 

An  extensive  survey  of  features  of  normal  epithelium  and  SCCs  using  an  epi- 
illumination,  near  real-time  reflectance  confocal  microscope  was  described  in  Chapter  3. 
Nuclear  density  and  morphology  differences  were  resolved  between  neoplastic  and  non¬ 
neoplastic  oral  cavity  specimens.  Other  features  of  non-cancerous  and  cancerous  oral 
tissue  that  were  identified  in  the  confocal  images  included  areas  of  inflammation, 
fibrosis,  muscle  fibers  and  salivary  glands 

A  detailed  study  of  the  differences  between  normal,  preneoplastic,  and  neoplastic 
oral  cavity  tissue  was  performed  using  images  from  an  epi-illumination,  reflectance 
confocal  microscope  in  Chapter  4.  Descriptive  statistics  characterizing  nuclear 
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morphology  such  as  nuclear  to  cytoplasmic  ratio  and  average  nuclear  area  allowed  slight 
differentiation  between  normal  and  dysplastic  epithelium.  Reviews  of  confocal  images 
by  both  trained  pathologists  and  untrained  engineers  emphasized  the  need  for  situational 
awareness  of  the  region  of  the  epithelium  occupied  by  the  image  plane. 

A  description  of  the  design,  construction,  and  characterization  of  an  optical 
coherence  microscope  (OCM)  is  found  in  Chapter  5.  This  instrument  was  built  to 
improve  the  penetration  depth  in  our  studies  and  allow  more  imaging  of  the  intermediate 
and  basal  layers  within  oral  mucosa.  Measured  lateral  and  axial  resolutions  of  2.3 
microns  and  7.8  microns  satisfied  the  requirement  that  the  instrument  be  able  to  resolve 
individual  nuclei  with  oral  mucosa.  An  estimated  penetration  depth  (based  on  SNR)  of 
690  -  1227  exceeded  the  measured  epithelial  thicknesses  of  300  -  500  microns. 

The  increased  penetration  depths  provided  by  OCM  was  demonstrated  in  Chapter 
6.  Multiple  scattering,  increased  background,  and  variable  tissue  architecture  prevented 
the  system  from  achieving  the  estimated  noise-limited  penetration  depth.  In  addition, 
extraction  of  scattering  coefficients  from  reflected  nuclear  intensity  was  successful  in 
non-hyperkeratotic  layers  and  showed  differentiation  between  scattering  properties  of 
normal  and  dysplastic  epithelium  and  SCCs. 

Overall,  the  research  in  this  dissertation  gives  a  thorough  basis  for  optical  imaging 
in  the  oral  cavity.  Images  were  acquired  from  five  separate  sites  in  the  oral  cavity 
(tongue,  gingiva,  floor  of  the  mouth,  buccal  mucosa,  and  soft  palate)  and  represented 
hyperkeratotic,  hyperplastic,  and  dysplastic  (primarily  mild  and  moderate  dysplasia) 
mucosa,  and  mild,  moderate,  and  well  differentiated  SCC.  Two  approaches,  morphologic 
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statistical  analysis  and  calculation  of  scattering  coefficients,  showed  diagnostic  contrast 
with  the  differentiation  from  the  scattering  coefficients  being  superior 

7.2  Future  directions 

The  research  presented  in  this  dissertation  provides  a  solid  basis  for  optical 
imaging  in  the  oral  cavity,  but  there  are  a  number  of  directions  in  which  further  research 
can  progress.  Further  in  vitro  studies  are  needed  to  quantify  fully  the  diagnostic 
capabilities  of  optical  imaging  in  the  oral  cavity.  First  of  all,  the  diagnostic  contrast 
found  in  the  morphologic  statistical  and  scattering  coefficient  analyses  should  be  further 
substantiated  by  adding  more  samples  to  the  data  set  and  performing  an  target  analysis  of 
histology  to  provide  a  better  understanding  of  key  characteristics  such  as  nuclear  area  and 
nuclear  to  cytoplasmic  ratio  as  a  function  of  depth,  keratin  levels  as  a  function  of  depth, 
and  hyperkeratotic  layer  and  epithelial  thicknesses.  Several  improvements  to  the  OCM 
could  easily  be  made  to  improve  penetration  depths  such  as  buying  a  more  powerful 
source  and  increasing  the  number  of  filters  used  to  reduce  noise.  This  increased 
penetration  depth  would  give  the  user  more  confidence  in  determining  when  the  basal 
layer  of  the  epithelium  has  been  reached.  Finally,  the  use  of  other  modes  of  optical 
imaging  such  as  fluorescence  imaging  to  investigate  oral  mucosa  would  provide  more 
information  on  the  content  of  the  tissue,  primarily  with  respect  to  the  presence  of  keratin. 

Optical  imaging  of  the  oral  cavity  will  not  achieve  its  full  potential  until  practical 
in  vivo  imaging  is  implemented.  Advances  in  flexible  reflectance  confocal 
microendoscopes  [108  -  116]  have  shown  that  this  technology  can  provide  the  same  high 
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resolution  confocal  images  of  tissue  as  demonstrated  in  this  dissertation  but  in  vivo  and  in 
a  clinical  setting.  The  oral  cavity  has  specific  challenges  which  these  endoscopes  will 
need  to  overcome  in  order  to  detect  oral  neoplasias  successfully.  The  hyperkeratotic 
superficial  layer  commonly  found  in  oral  mucosa  retards  penetration  of  illumination  light 
into  deeper  epithelial  layers  while  at  the  same  time,  levying  an  increased  penetration 
depth  requirement  to  detect  morphologic  and  scattering  changes  associated  with 
dysplastic  changes.  The  form  factor  for  the  endoscope  must  enable  access  to  multiple 
locations  in  the  mouth  including  the  floor  of  the  mouth  and  gingiva  while  minimizing 
discomfort  to  the  patient  as  sensitive  lesions  are  investigated.  Even  with  these  challenges 
though,  optical  imaging  has  the  potential  to  provide  a  powerful  tool  for  clinical 
examination  of  the  oral  cavity  in  a  wide  range  of  applications  such  as  noninvasive 
diagnosis  of  oral  lesions,  determining  tumor  margins  in  vivo  in  real  time,  and  monitoring 
in  vivo  response  of  neoplastic  cells  to  therapy. 
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